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This special issue of JPP is dedicated to Professor Shunichi Fukuzumi on the
occasion of his retirement from the Osaka University, Osaka, Japan. The cover images
are taken in part from Prof. Fukuzumi’s publications and website, and illustrates his
research activities covering different areas of photochemistry and photocatalysis, in
recent years. The current issue of JPP contains 52 papers from researchers, friends and
collaborators alike, from all around the world.

Reviews

pp- 1-8
Proton-coupled electron transfer chemistry of hangman
macrocycles: Hydrogen and oxygen evolution reactions

Dilek K. Dogutan, D. Kwabena Bediako, Daniel J. Graham, Christopher
M. Lemon and Daniel G. Nocera*

The half reactions of water splitting, the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER), requires the efficient management of electrons and protons.
The use of hangman catalysts provides detailed mechanistic insight into the proton-
coupled electron transfer (PCET) processes that underpin HER and OER. This review
summarizes our efforts to use hangman porphyrins and corroles to develop a unified
mechanistic PCET framework to describe O-O, O-H and H-H bond-breaking and
bond-making processes, as they pertain to HER and OER.

pp- 9-20

A new biological function of heme as a signaling
molecule

Norifumi Muraki, Chihiro Kitatsuji and Shigetoshi Aono*

As free heme molecules are cytotoxic, the intracellular concentrations
of biosynthesized or uptaken heme should be strictly controlled. In this
mini review, the authors summarize the biochemical and biophysical
properties of the transcriptional regulators and heme-sensor proteins
responsible for these regulatory systems to maintain heme homeostasis.
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pp- 21-31

Meso-N-arylamino- and N,N-diarylaminoporphyrinoids:
Syntheses, properties and applications

Ryota Sakamoto*, Suzaliza Mustafar and Hiroshi Nishihara*

This review is devoted to porphyrinoids with N-arylamino groups tethered
directly to their meso-positions, the study of which has significantly progressed
in the past two decades. The present review contains a brief introductory
description, various synthetic procedures for these compounds, their valuable
photochemical and electrochemical properties induced by synergetic effects
between the porphyrinoids and the N-arylamino groups, potential applications
such as dye-sensitized solar cells (DSSCs), and conclusions.

pp- 32-44

Molecular assemblies based on strong axial coor-
dination in metal complexes of saddle-distorted dode-
caphenylporphyrins

Tomoya Ishizuka, Shunichi Fukuzumi and Takahiko Kojima*

Works on metal complexes, having saddle-distorted dodecaphenylporphyrin (DPP)
and its derivatives as ligands, have been highlighted in the light of enhancement
of the Lewis acidity of a metal center coordinated by the porphyrin. The enhanced
Lewis acidity of the central metal ions enabled the construction of stable molecular
complexes through axial coordination using metal-DPP moieties and molecular or
ionic entities with Lewis-basic coordination sites.

pp- 45-64

A review of iron and cobalt porphyrins, phthalocyanines, and
related complexes for electrochemical and photochemical
reduction of carbon dioxide

Gerald F. Manbeck* and Etsuko Fuijita*

This review summarizes research on the electrochemical and photochemical reduc-
tion of CO, using a variety of iron and cobalt porphyrins, phthalocyanines, and related
complexes. While remarkable progress has been made in carrying out coupled proton-
electron transfer reactions for CO, reduction, ground-breaking research has to be con-
tinued to produce renewable fuels via low-energy pathways using durable and selective
earth-abundant catalysts for creating carbon-neutral energy sources.

pp. 65-91

Metalloporphyrin/G-quadruplexes: From basic proper-
ties to practical applications

Eyal Golub, Chun-Hua Lu and Itamar Willner*

Metal porphyrin/G-quadruplex supramolecular nanostructures exhibit unique
catalytic, electrocatalytic and photocatalytic properties. These features of metal
porphyrin/G-quadruplexes are extensively implemented to develop synthetic
transformations and to use the nanostructures as electrochemical or optical
labels for a variety of sensing platforms.
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pp- 92-108

Effect of axial ligands on electronic structure
and O, reduction by iron porphyrin complexes:
Towards a quantitative understanding of the “push
effect”

Subhra Samanta, Pradip Kumar Das, Sudipta Chatterjee
and Abhishek Dey*

Differences in bonding interactions between imidazole, phenolate and
thiolate axial ligands tune the electronic structure and kinetics of electro-
chemical O, reduction by synthetic iron porphyrin complexes.

pp- 109-134

Porphyrin-based photosensitizers and the corresponding
multifunctional nanoplatforms for cancer-imaging and photo-
therapy

Avinash Srivatsan, Joseph R Missert, Santosh K. Upadhyay and
Ravindra K. Pandey*

An overview on some of the recent approaches to improve the tumor-specificity of
porphyrin-based multifunctional agents (theranostics) for cancer-imaging and photo-
dynamic therapy is discussed.

R = 124 (PET)or R = 1271, (PDT & FL)
Articles

pp. 135-139
Macrocyclic dipyrrin dimer bridged by ethylene and
dioxyphenylene linkers

Ji-Young Shin*, Satoru Hiroto and Hiroshi Shinokubo

A tetrapyrrolic macrocycle containing ethenylene and dioxyphenylene bridges
was obtained through the reaction of a dipyrrin-DDQ adduct with triethylamine.
The structure of the macrocycle was elucidated by X-ray diffraction analysis.
The macrocycle exhibited solvent-dependent absorption spectra due to intramo-
lecular charge transfer interactions.

pp- 140-149

Synthesis of push—pull porphyrin with two electron-
donating and two electron-withdrawing groups and
its application to dye-sensitized solar cell

Tomohiro Higashino, Yamato Fujimori, Kenichi Sugiura,
Yukihiro Tsuiji, Seigo Ito and Hiroshi Imahori*

Introduction of multiple electron-donating groups and electron-
withdrawing groups into a porphyrin core achieved a panchromatic
light-harvesting in visible and NIR regions. The preliminary photovol-
taic performance is moderate, but the extensive photocurrent generation
matches with the excellent light-harvesting property.
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pp- 150-153
Preparation and characterization of a tungsten(V) cor-
role dichloride complex

Rosa Padilla, Heather L. Buckley, Ashleigh L. Ward and John
Arnold*

The first example of a tungsten(V) corrole complex, (Mes,(p-OMePh)corrole)
WCl,, has been prepared through a metathesis reaction of a lithium corrole
(Mes,(p-OMePh)corrole)Li,-6THF and WCl,. The product constitutes the first
example of a tungsten(V) corrole complex synthesized under mild conditions
and only the second example of a tungsten corrole complex.

pp- 154-159

A novel terbium-cobalt tetra(4-sulfonatophenyl)por-
phyrin: Synthesis, structure and photophysical and
electrochemical properties

Wen-Tong Chen*, Jian-Gen Huang, Qiu-Yan Luo, Ya-Ping Xu and
Hong-Ru Fu

A novel terbium-cobalt porphyrin has been synthesized via a hydrothermal
reaction and structurally characterized by X-ray single crystal diffraction. It is
characterized by a 3-D porous open framework. It displays an emission band
in the blue region and the fluorescence lifetime is 1.14 ms. The CV and DPV
discovers one reversible wave with E,, =—-0.80 V.

pp- 160-170

Systematic studies on side-chain structures of
phthalocyaninato-polysiloxanes: Polymerization
and self-assembling behaviors

Satoru Yoneda, Tsuneaki Sakurai*, Toru Nakayama,
Kenichi Kato, Masaki Takata and Shu Seki*

A series of phthalocyaninato dihydroxysilicon having various types of

side chains were synthesized and their bulk-state polymerization capa-

bility was investigated. Comprehensive studies disclosed that strong

electron donating ability and small steric hindrance of the peripheral

substituents are the dominant factors to afford high molecular weight

polymers. Due to the siloxane covalent bonds, the obtained phthalocy-

aninato-polysiloxanes with enough degree of polymerization all form hexagonal columnar liquid crystals even for the derivatives with small
peripheral chains.

pp- 171-174

Dimeric 1:2 adduct of B,B’-bis(diphenylphosphino)
porphyrin with silver(l) chloride

Keisuke Fujimoto, Hideki Yorimitsu* and Atsuhiro Osuka*

A 2,18-bis(diphenylphosphino)porphyrin ligand undergoes complexation with
silver(I) chloride to afford a stable phosphine-silver complex. X-ray crystallo-
graphic analysis of the complex revealed a dimeric structure of a 1:2 adduct of
the diphosphine and silver(I) chloride, where each phosphorus atom coordinates
a silver atom. The four AgCl units construct a distorted cubic cluster with small
metallophilic interaction. Variable temperature 3'P NMR study exhibited a slow
ligand exchange process between '"’Ag and 'Ag at high temperature.
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pp- 175-191
Donor-n-acceptor, triazine-linked porphyrin dyads
as sensitizers for dye-sensitized solar cells

Ganesh D. Sharma*, Galateia E. Zervaki, Kalliopi
Ladomenou, Emmanuel N. Koukaras, Panagiotis P. Angaridis
and Athanassios G. Coutsolelos*

Two porphyrin dyads with the donor-mt-acceptor molecular architecture,
which consist of a zinc-metalated porphyrin unit and a free-base por-
phyrin unit covalently linked at their peripheries to a central triazine
group, that is substituted either by a glycine or a N-piperidine group,
have been synthesized via consecutive amination substitution reactions
of cyanuric chloride.

pp- 192-204

Optical limiting and singlet oxygen generation properties of
phosphorus triazatetrabenzcorroles

Colin Mkhize, Jonathan Britton, John Mack and Tebello Nyokong*

Novel phosphorus triazatetrabenzcorrole (TBC) tetrasubstituted at the o- and B-positions
of the peripheral fused benzene rings with 7-butylphenoxy substituents have been pre-
pared and characterized. The effect of the substituents on the electronic structures and
optical spectroscopy is investigated with TD-DFT calculations and MCD spectroscopy.
The optical limiting properties have been investigated to examine whether the lower
symmetry that results from the direct pyrrole—pyrrole bond and hence the permanent
dipole moment that is introduced result in higher safety thresholds, relative to the values
that have been reported for phthalocyanines. The suitability of the compounds for singlet
oxygen applications has also been examined.

pp- 205-218
Design of diethynyl porphyrin derivatives with high near
infrared fluorescence quantum yields

Kimihiro Susumu and Michael J. Therien*

A design strategy for (porphinato)zinc-based fluorophores that possess large near
infrared fluorescence quantum yields is described. These fluorophores are based on a
(5,15-diethynylporphinato)zinc(Il) framework and feature symmetric donor or acceptor
units appended at the meso-ethynyl positions via benzo[c][1,2,5]thiadiazole moieties.
The measured radiative decay rate constants track with the integrated oscillator strengths
of their respective x-polarized Q-band absorptions, and thus define an unusual family of
high quantum yield near infrared fluorophores in which emission intensity is governed
by a Strickler-Berg dependence.

pp. 219-232
Synthesis and photodynamics of diphenylethynyl-
bridged porphyrin-quinoidal porphyrin hybrids

Shuhei Sakatani, Takuya Kamimura, Kei Ohkubo, Shunichi
Fukuzumi and Fumito Tani*

Zinc complex and free-base of a porphyrin-quinoidal porphyrin dyad linked by a
diphenylethynyl bridge were prepared as new donor—acceptor hybrids. The con-
siderable quenching of the porphyrin fluorescence in the dyads was observed.
Femtosecond laser flash photolysis of the dyads showed ultrafast energy and
electron transfer from the porphyrin units to the quinoidal porphyrin ones.
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pp- 233-241

Molecular structures, redox properties, and photo-
substitution of ruthenium(ll) carbonyl complexes
of porphycene

Toru Okawara, Masaaki Abe*, Shiho Ashigara and Yoshio
Hisaeda*

Two ruthenium(Il) carbonyl complexes of porphycene have been
structurally characterized by single-crystal X-ray diffraction analysis.
UV-light irradiation of a benzene solution of the ruthenium porphy-
cene complexes leads to the dissociation of a carbonyl ligand from the
ruthenium(II) centers to give the corresponding bis-pyridine complexes.

The first-order kinetic analysis has revealed that the photosubstitution proceeds faster for complexes of porphycene than that of porphyrin.

pp. 242-250

Supramolecular photovoltaic cells utilizing inclu-
sion complexes composed of Li*@C,, and cyclic
porphyrin dimer

Hayato Sakai, Takuya Kamimura, Fumito Tani* and Taku
Hasobe*

Supramolecular photovoltaic cells using inclusion complexes of lithium-
ion-encapsulated [60]fullerene (Li*@C,,) and cyclic porphyrin dimers
(M-CPDy,, M = H, and Ni,) were newly constructed. The photoelectro-
chemical solar cells composed of these assemblies on SnO, electrode
were fabricated by electrophoretic deposition. The photoelectrochemi-
cal behavior of Li*@Cy, and M-CPD,, assemblies on nanostructured
SnO, film is higher than Li*@C, or M-CPD,, films and supramolecular
complexes of Cq, and M-CPD,,,.

pp- 251-260

N-confused meso-tetraaryl-substituted free-base
porphyrins: Determination of protonation and de-
protonation constants in nonaqueous media
Zhongping Ou*, Xueyan Chen, Lina Ye, Songlin Xue,
Yuanyuan Fang, Xiaoqin Jiang and Karl M. Kadish*

The protonation and deprotonation reactions for a series N-confused
meso-tetraaryl-substituted free-base porphyrins was monitored in CHCI,
and DMF by UV-visible spectroscopy during titrations with trifluoro-
acetic acid or tetra-n-butylammonium hydroxide and the spectroscopic
data was then used to calculate equilibrium constants for these reactions.

pp- 261-269

Energy-transfer studies on phthalocyanine—
BODIPY light harvesting pentad by laser flash
photolysis

Mohamed E. EI-Khouly*, Cem Gol, Morad M. EI-Hendawy,
Serkan Yesilot and Mahmut Durmus*

Efficient energy transfer for symmetrical pentad bearing four
BODIPY units connected to the phthalocyanine core via an ethynyl
linkage at peripheral positions was investigated by femtosecond and
nanosecond laser flash photolysis to explore photoinduced intramo-
lecular events of the light harvesting pentad.
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pp- 270-280
Charge separation in supramolecular ferrocene(s)-zinc porphyrin-
fullerene triads: A femtosecond transient absorption study

Gary N. Lim, Whitney A. Webre and Francis D’Souza*

Using femtosecond transient absorption spectroscopy, mechanistic details of photoin-
duced charge separation in supramolecular triads, constructed using covalently linked zinc
porphyrin-ferrocene(s) dyads — self-assembled via axial coordination to either pyridine or
phenylimidazole appended fulleropyrrolidine is reported. Charge separation from ferrocene
to 'ZnP* to yield the initial Fc*-ZnP":C, radical ion-pair or charge separation from 'ZnP*
to Cg, to yield the initial Fc-ZnP**:C,* radical ion-pair, depending upon the ferrocene-zinc
porphyrin intermolecular distance, is observed. These radical ion-pairs resulted in the for-
mation of distantly separated Fc*-ZnP:C* radical ion-pairs either via an electron migration
or hole shift process, as the ultimate electron transfer products.

pp- 281-287

Nondestructive readout fluorescence memory
based on a gallium(lll) corrole complex and pho-
tochromic cis-1,2-dithienylethene

Jijoon Kang and Youngmin You*

Photochromic gating of fluorescence emission from a gallium(III)
corrole complex provides a novel strategy for creation of fluorescence
memory. The all-optical memory features advantages, including a high
fluorescence on/off ratio and nondestructive readout capability. Transient
photoluminescence experiments revealed effective modulation of inter-
molecular energy transfer from a fluorescent gallium corrole complex to
photochromic cis-1,2-dithienylethene.

pp- 288-300

Photophysical properties of Sn(IV)tetraphenyl-
porphyrin-pyrene dyad with a B-vinyl linker

P. Silviya Reeta*, Adis Khetubol, Tejaswi Jella, Vladimir
Chukharev, Fawzi Abou-Chahine, Nikolai V. Tkachenko,
L. Giribabu* and Helge Lemmetyinen*

A Sn(IV)tetraphenylporphyrin-pyrene dyad has been synthesized

and its photophysical properties has been investigated by ps and fs

time-resolved spectroscopy. Besides the occurrence of efficient excitation energy transfer (EET) from pyrene to porphyrin, the influence of
conformational flexibility on the formation and decay of the excited dyads with increasing solvent polarity has been inferred by fs-ps transient
absorption measurements.

pp- 301-307
Effects of heme modification on oxygen affinity
and cooperativity of human adult hemoglobin

Tomokazu Shibata, Eisuke Furuichi, Kiyohiro Imai, Akihiro
Suzuki and Yasuhiko Yamamoto*

The O, affinity of a reconstituted Hb exhibiting low cooperativity
decreases with decreasing electron density of the heme Fe atom in such
a manner that the Py, value increases by a factor of ~3 with a decrease of
1 pK, unit. On the other hand, the native Hb deviated from the linear pK |-
log(1/Py,) relationship, suggesting the significance of the heme vinyl
side chains in the control of the O, binding properties of the protein.
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pp- 308-319

Photocurrent enhancements in a porphyrin-vio-
logen linked compound under plasmonic and
magnetic fields

Hiroaki Yonemura*, Tomoki Niimi and Sunao Yamada

A remarkable increase in photocurrent for a zinc-porphyrin(ZnP)—
viologen(V?) linked compound (ZnP(6)V)-silver nanoparticle (AgNP)
composite films was observed because of localized surface plasmon
resonance (LSPR) from the AgNPs and photoinduced intramolecular
electron-transfer (PIET) upon linking to a V>* moiety in the presence of
a magnetic field (MF), when compared with ZnP derivative without V**
moiety (ZnP(6)AB) films as a reference in the absence of a MF.

pp. 320-328
Cholesteryl oleate-appended phthalocyanines
as potential photosensitizers in the treatment of
leishmaniasis

Laura E. Sanchez Contreras, Johannes Zirzimeier, Sabrina
V. Kirner, Francesca Setaro, Fernando Martinez, Stefany
Lozada, Patricia Escobar, Uwe Hahn, Dirk M. Guldi* and
Tomas Torres™

Two phthalocyanines (Pcs), of zinc and ruthenium, have been function-
alized by cholesteryl oleate groups as potential photosensitizers (PSs)
for photodynamic therapy (PDT) against lieshmania. The photophysical

characterization and their ability to photosynsetize singlet oxygen ('O,) of these potentially new photosensitizers (PSs) is provided. Their incubation
into LDL particles and their toxicity and phototoxic activity have been assessed by in vitro prelimiry studies on intracellular amastigotes of L. pana-

mensis parasites and mammalian tumoral human monocytic cell line THP-1.

pp. 329-334

Highly efficient hydroxylation of gaseous alkanes at reduced
temperature catalyzed by cytochrome P450BM3 assisted by
decoy molecules

Norifumi Kawakami, Zhigi Cong, Osami Shoji* and Yoshihito Watanabe*

Cytochrome P450BM3 functions as a small-alkane hydroxylase upon the addition of
perfluorocarboxylic acids as decoy molecules. The coupling efficiency for the hydro-
xylation of small alkanes was improved by reducing the reaction temperature to 0 °C.

pp.- 335-343
Synthesis and characterization of a sulfur-containing
phthalocyanine-gold nanoparticle hybrid

Vicente M. Blas-Ferrando, Javier Ortiz, Fernando Fernandez-
Lazaro and Angela Sastre-Santos*

The synthesis and characterization of a new gold nanoparticle-zinc
phthalocyanine system, AuNP-S(tBu),ZnPc is reported. A solid configu-
ration of TiO,-lipoic acid-AuNP-S(tBu),ZnPc has been also prepared.
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pp- 344-351

Metal-induced dynamic conformational and
fluorescence switch of quinone-appended Zn-
porphyrin

Yasuyuki Yamada, Kosuke Hiraga and Kentaro Tanaka*

We have designed and synthesized a novel switching molecule whose

fluorescence can be switched via dynamic conformational change

between expanded and shrunk states induced by metal complexation and decomplexation. It was revealed that metal complexation of the
bipyridine units of the molecule with Zn?* ions induced the dynamic structural change of the molecular shape and simultaneous enhancement of
fluorescence of the Zn**-porphyrin fluorophore.

pp- 352-360

Reactions of a heme-superoxo complex toward
a cuprous chelate and eNO,: CcO and NOD
chemistry

Savita K. Sharma, Patrick J. Rogler and Kenneth D. Karlin*

A synthetically designed ferric heme superoxo complex displays cycto-
chrome ¢ oxidase reactivity in the presence of a copper(I) complex or
nitric oxide dioxygenase reactivity in the presence of eNO,,,.

pp- 361-371

Near-infrared luminescent Sn(lV) complexes
of N-confused tetraphenylporphyrin: Effect of
axial anion coordination

Arghya Basu, Motoki Kitamura, Shigeki Mori, Masatoshi
Ishida, Yongshu Xie and Hiroyuki Furuta*

Tin(IV) complexes of N-confused tetraphenylporphyrin with
different axial halide ligands, SnX,-2 (X = Cl, Br, I/I,), have been
synthesized and their X-ray crystal structures were determined.
Among the complexes, unsymmetrically coordinated Sn(I)(I,)-2 showed the longer emission lifetimes and a smaller singlet-triplet energy gap.

pp.- 372-376

Preparation and characterization of cobalt(ll) phthalocyanine
complex-encapsulated zeolite-X

Nayumi Ohata, Yurie Ito, Daisuke Nakane, Hideki Kitamura and Hideki
Masuda*

Cobalt(II) phthalocyanine complex encapsulated into the supercage of X-type zeolite,
CoPc-X, and its secondary ion-exchanged zeolite (M™ = Na*, Ag*, Cu*, Zn%>),
CoPc-M"-X, were prepared and characterized spectroscopically. They showed a unique
deodorant behavior for smell gasses, 2-nonenal and indole.
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pp. 377-387

Redox behavior of novel nickel and palladium
complexes supported by trianionic non-
innocent ligand containing B-diketiminate and
phenol groups

Yuma Morimoto, June Takaichi, Shinichi Hanada, Kei
Ohkubo, Hideki Sugimoto, Nobutaka Fujieda, Shunichi
Fukuzumi and Shinobu Itoh*

A new type of nickel and palladium complexes with non-innocent
[-diketiminate ligand having redox active phenol groups (LH,, fully
protonated form) have been developed, and the structure, physical
properties, and reactivity of their one-electron and two-electron
oxidized complexes, [M"(L**)] and [M"(L")]* (M = Ni' or Pd") have
been examined in detail.

pp- 388-397

Electrochemistry and spectroelectrochemistry
of B-pyrazino-fused tetraarylporphyrins in non-
aqueous media

Yuanyuan Fang, Federica Mandoj, Lihan Zeng, Rajesh

Pudi, Manuela Stefanelli, Roberto Paolesse* and Karl
M. Kadish*

Bis-porphyrins containing a f3,3’-fused pyrazino (Pz) linking group

were examined by electrochemistry and thin-layer UV-visible spectroelectrochemistry in PhCN containing 0.1 M tetra-n-butylammonium
perchlorate (TBAP) as supporting electrolyte. The investigated compounds are represented as M(TPP)-Pz-(TPP)M, where TPP is the dianion of
tetraphenylporphyrin and M = Zn(II), Cu(II) or Ag(Il).

pp- 398-403

Synthesis and anti-cancer activities of a water soluble
gold(lll) porphyrin

Aaron D. Lammer, Melissa E. Cook and Jonathan L. Sessler*

A recognized limitation of gold(Ill) as an anticancer agent is susceptibility to
reduction under physiological conditions to produce the more labile gold(I) state.
The use of porphyrins is an attractive solution to this potential problem. Typically,
however, the stabilization provided by the use of a strongly chelating porphyrin
is offset by the poor solubility of the resulting complex in aqueous media. In this
work the synthesis and in vitro anti-cancer activity of a gold(III) porphyrin complex
(6) with relatively good aqueous solubility is described. As judged from standard
antiproliferation assays, this complex displays an IC,, of 9 uM for the A2780 human
ovarian cancer cell line. This activity is statistically enhanced relative to two control
systems (compounds 3 and 5).

pp.- 404-410
Free-base porphyrin and [60]fullerene linked by
oligomeric ethylenedioxythienylenevinylene bridge

Beatriz Pelado, Julieta Coro, Pilar de la Cruz and Fernando
Langa*

The synthesis and structural characterization and the study of the electronic
properties of two novel porphyrin-bridge-fullerene molecules, where a free-
based porphyrin and [60]fullerene are connected through one and two units of
ethylenedioxythienylenevinylene m-conjugated bridges, is reported. The absorp-
tion studies, voltamperometric measurements and theoretical calculations at
DFT level are presented.
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pp- 411-416

Efficient oxidation of ethers with pyridine N-oxide
catalyzed by ruthenium porphyrins

Nobuki Kato, Yu Hamaguchi, Naoki Umezawa and
Tsunehiko Higuchi*

It was found that oxidation of cyclic ethers with this reaction system
gave lactones or/and ring-opened oxidized products with regioselectiv-
ity. A relatively high kinetic isotope effect was observed in the ether
oxidation, suggesting that the rate-determining step is the first hydrogen
abstraction.

pp- 417-426
Mechanistic study of methanol oxidation by Ru'V—
oxo complexes

Yoshihito Shiota*, Shoya Takahashi, Shingo Ohzu, Tomoya
Ishizuka, Takahiko Kojima and Kazunari Yoshizawa*

The catalytic conversion of methanol to formaldehyde by three kinds
of non-porphyrin Ru'-oxo complexes is discussed by using DFT
calculations. There are two possible reaction pathways for the oxidation
of methanol to formaldehyde with respect to the first hydrogen abstrac-
tion from the methyl group and the hydroxyl group. The rate-determining

step is the H-atom abstraction from the CH, group of methanol, being in good agreement with kinetic analysis of the reactions.

pp- 427-441

Very fast singlet and triplet energy transfers in a tri-
chromophoric porphyrin dyad aided by the truxene
platform

Adam Langlois, Hai-Jun Xu, Paul-Ludovic Karsenti, Claude P.
Gros* and Pierre D. Harvey*

A truxene-containing dyad with an octa-B-alkyl-palladium(Il)porphyrin (donor)
and two tri-meso-aryl-zinc(Il)porphyrins (acceptors) exhibits very fast rates for
triplet energy transfers at 77 (kg(T,) = 1.63 x 10%) and 298 K (ku(T,) = 3.44 x
10® s1). The energy transfer processes proceed via a through bond Dexter
mechanism with evidence for a moderate MO coupling between the donor and
acceptors in the frontier MOs.

pp- 442-450

Synthesis and wire-like performance of diruthenium
molecular wire with a C=C-porphyrin-C=C linker

Yuya Tanaka, Masanori Ono and Munetaka Akita®

A bis-ruthenium complex with a free-base porphyrin linker 1 is synthesized and
characterized. By electrochemical and spectroscopic measurements, complex
1** is assigned as a Class III compounds according to Robin-Day classifica-
tion. DFT calculation also supports strong electronic coupling between the two
metal ends.
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pp- 451-458
Diporphyrin magnesium complex with long-wavelength
light absorption for organic solar cells

Takenari Sato, Takafumi Nakagawa, Hiroshi Okada and Yutaka
Matsuo*

Magnesium complexes of donor—acceptor—donor-type diporphyrin compounds
containing two tetraethynylporphyrin units and one benzothiadiazole unit were
synthesized and used in solution-processed organic thin-film solar cells. Long-
wavelength light absorption due to low-bandgap nature contributed to photocur-
rent conversion in the near infrared region.

pp. 459-464
Formate dehydrogenase catalyzed CO, reduction in a
chlorin-e, sensitized photochemical biofuel cell

Yutaka Amao* and Naho Shuto

The new visible-light operated CO,-glucose biofuel cell consisting of chlorin-e,
immobilized on TiO, thin layer film onto optical transparent conductive glass
electrode as an anode, formate dehydrogenase and viologen with long alkyl
chain co-immobilized onto electrode as a cathode, and the solution containing
glucose, glucose dehydrogenase and NAD*" as a fuel is developed. During visible
light irradiation, the photocurrent was generated and formic acid was produced
in the cell. Thus, CO, reduces and formic acid produces while generating elec-
tricity with visible light irradiation to this biofuel cell.

pp- 465-478

Effect of alkyl substituents: 5,15-bis(trimethyl-
silylethynyl)- vs. 5,15-bis(triisopropylsilylethynyl)-
tetrabenzoporphyrins and their metal complexes

Kohtaro Takahashi, Naoya Yamada, Daichi Kumagai,
Daiki Kuzuhara, Mitsuharu Suzuki, Yuji Yamaguchi, Naoki
Aratani, Ken-ichi Nakayama* and Hiroko Yamada*

Crystal structures of 5,15-bis(trimethylsilylethynyl)tetrabenzoporphy-
rin (TMS-H,BP), 5,15-bis(triisopropylsilylethynyl)tetrabenzoporphyrin
(TIPS-H,BP) and their metal complexes have been carefully studied.
Bulk heterojunction organic solar cell based on TMS-ZnBP as p-type
and PC, BM as n-type material fabricated by solution process attained the
power-conversion efficiency (PCE) of 1.49%.
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strongly polarized amino-cyano-phthalimide neither efficient energy- nor
electron-transfer could be detected and excitation leads to fluorescence from
both components.
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A water-soluble manganese porphyrin complex was examined for the catalytic forma-
tion of chlorine dioxide from chlorite under ambient temperature at pH 5.00 and 6.90.
Catalysis is initiated via an OAT (Oxygen Atom Transfer) reaction resulting in formation
of a putative manganese(V) oxo species, which undergoes ET (Electron Transfer) with
chlorite to form chlorine dioxide. As chlorine dioxide accumulates in solution, chlorite
consumption slows down and ClO, reaches a maximum as the system reaches equili-
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TiO, films.
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type complex and enhance significantly the association constant with bidentate
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Preface — Special Issue in Honor of Professor Shunichi Fukuzumi

We are very much pleased to dedicate this special
issue of Journal of Porphyrins and Phthalocyanines to
Prof. Shunichi Fukuzumi on his retirement from Osaka
University in March, 2014. The main research topic that
pervades all of the scientific research activities of Shu-
nichi Fukuzumi spanning 42 years is ‘“electron-trans-
fer chemistry” focusing on “artificial photosynthesis”
in which porphyrins and phthalocyanines have played
important roles. 52 articles contributed by collaborators
and colleagues to this special issue attest to scientific
significance of this field as well as the important role
Prof. Shunichi Fukuzumi and his groups have played in
this area of science.

Shunichi Fukuzumi was born in 1950 in Nagoya,
which is one of the major cities in Japan. He moved to
Tokyo and graduated from Tokyo Institute of Technology
from which he received Ph.D. in 1978. The title of his first
scientific paper is “The Electronic Spectrum of p-Benzo-
semiquinone Anion in an Aqueous Solution” published
in Bull. Chem. Soc. Jpn. 1973; 46: 3353-3355. p-Ben-
zosemiquinone anion was produced by proton-coupled
electron transfer (PCET) oxidation of hydroquinone with
MnO,. This is his start to explore the field of electron-
transfer chemistry. In his doctoral thesis work, he studied
catalytic mechanisms of heterogeneous and homogenous
oxidation of substrates based on kinetics and detection
of radical intermediates by EPR. His field was expanded
to electron transfer chemistry of organometallic com-
pounds under guidance of Prof. Jay K. Kochi at Indiana
University, where he worked as a postdoctoral fellow
from 1978-1981. He reported a unified view of Marcus
electron transfer and Mulliken charge transfer theories in
J. Am. Chem. Soc. 1980; 102: 2928, which enabled him
thereafter to clarify a variety of electron-transfer mecha-
nisms including bond cleavage and formation of organic
and organometallic compounds.

After hard work for three years at Indiana University,
which enabled him to publish 21 papers, he went back
to Japan as an assistant professor at Osaka University in
April 1981. He was promoted to a full professor at Osaka
University in 1994. In 2013, he was selected as the first
distinguished professor at Osaka University. He retired
from Osaka University on March 31, 2015. At Osaka Uni-
versity, he started exploring electron-transfer chemistry
of metal complexes including metalloporphyrins at the
excited states as well as the ground states. He has deter-
mined the reorganization energies of electron transfer
of metalloporphyrins and fullerenes based on the Mar-
cus theory of electron transfer. The small reorganiza-
tion energies of electron transfer metalloporphyrins and
fullerenes have led him to rational design and synthesis
of a variety of photosynthetic reaction center models

Copyright © 2015 World Scientific Publishing Company

composed of metalloporphyrins and fullerenes (vide
infra).

Based on his research background covering electron-
transfer chemistry of organic and inorganic compounds
as well as homogeneous and heterogeneous redox cata-
lysis, he started developing artificial photosynthetic
systems composed of the light—harvesting (LH) unit,
the charge-separation (CS) unit, the catalytic units for
water oxidation and reduction, and the catalytic CO,
fixation unit in 1999 when he obtained a big fund cal-
led CREST (Core Research for Evolutional Science
and Technology). Bioinspired artificial photosynthe-
sis stayed in his focus for many years thereafter. His
CREST project (five years) on artificial photosynthesis
was extended as a SORST (Solution Oriented Research
for Science and Technology) project from Japan
Science and Technology Agency (JST). From 2011 he
has been a director of Advanced Low Carbon Tech-
nology Research and Development Program (ALCA)
from JST.

With regard to the CS systems, Prof. Shunichi Fuku-
zumi and his groups have successfully developed a series
of multi-step photoinduced electron-transfer systems
composed of porphyrins and fullerenes, which can well
mimic functions of the photosynthetic reaction center.
Prof. Fukuzumi’s groups have further developed CS
systems to attain long-lived and high-energy charge-
separated states without significant loss of excitation
energy by fine control of the redox potentials and geo-
metry of simple organic donor—acceptor dyads based
on the Marcus theory of electron transfer (J. Am. Chem.
Soc. 2004; 126: 1600). The combination of the LH unit
and the CS unit has also been achieved by the rational
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design of supramolecular electron donor—acceptor
ensembles, which has significant advantages with regard
to synthetic feasibility, providing a variety of applications
including efficient photocatalytic systems for the solar
energy conversion and organic solar cells. His rational
development of excellent photosynthetic reaction center
models based on the Marcus theory of electron transfer
has been summarized in a series of feature and account
articles (Org. Biomol. Chem. 2003; 1: 609; Bull. Chem.
Soc. Jpn. 2006; 79: 177; Phys. Chem. Chem. Phys. 2008;
10: 2283; J. Mater. Chem. 2008; 18: 1427; Chem. Com-
mun. 2012; 48: 9801; J. Mater. Chem. 2012; 22: 4575,
Acc. Chem. Res. 2014; 47: 1455).

The efficient CS unit has been successfully combined
with the catalytic water reduction unit to attain the most
efficient photocatalytic hydrogen evolution system. The
activation of hydrogen has also been achieved by deve-
loping the structural and functional model of hydroge-
nases, which will enable to replace precious Pt catalysts
by much cheaper metal catalysts for hydrogen evolution
as summarized in Energy Environ. Sci. 2011; 4: 2754.
Prof. Fukuzumi’s groups have utilized CS molecules as
organic photocatalysts to develop a variety of photoca-
talytic organic transformations as summarized in Chem.
Sci. 2013; 4: 561.

Because the development of an efficient catalytic
system for water oxidation remains the most important
step to realize artificial photosynthesis, Prof. Fukuzumi’s
groups have clarified the electron-transfer properties of
high-valent metal-oxo species, which are responsible for
the water oxidation, to develop efficient water oxidation
catalysts using earth-abundant metal oxides nanopar-
ticles by fruitful collaboration with Prof. Wonwoo Nam’s
groups. The electron transfer chemistry of high-valent
metal-oxo species has been summarized in review and
account articles (Coord. Chem. Rev. 2013; 257: 1564,
Acc. Chem. Res. 2014; 47: 1146).

With regard to CO, fixation catalysts, Prof. Fukuzu-
mi’s groups have developed efficient catalysts for the
reduction of CO, to formic acid by hydrogen in water
as well as the reverse reaction as summarized in Dalton
Trans. 2013; 42: 18; Eur. J. Inorg. Chem. 2008; 1351.
The interconversion between NADH (dihydronicotina-
mide adenine dinucleo- tide, which is a natural electron
source) and H, has also been achieved at ambient tempe-
rature and pressure.

Prof. Fukuzumi’s groups have also developed a variety
of efficient catalysts for O, reduction inspired by cyto-
chrome ¢ oxidase in respiration. Not only proton-coupled
electron transfer (PCET) but also metal ion-coupled elec-
tron transfer (MCET) has been shown to play very impor-
tant roles in the catalytic reduction of O,. The general
concept of MCET as well as PCET has been summarized
in a series of review and account articles (Bull. Chem. Soc.
Jpn. 1997;70: 1; Coord. Chem. Rev.2002; 226: 71; Prog.
Inorg. Chem. 2009; 56: 49; Coord. Chem. Rev.2010; 254:
372; Phys. Chem. Chem. Phys. 2012; 14: 8472; Coord.
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Chem. Rev. 2013; 257: 1564). The two-electron reduction
of O, has been combined with the photocatalytic water
oxidation to achieve production of hydrogen peroxide
(H,0,) from H,0 and O, using solar energy for the first
time (Energy Environ. Sci. 2013; 6: 3756). Aqueous H,0,
can be used as a promising renewable solar fuel, which
is more valuable than gaseous H,, in H,O, fuel cells that
Prof. Fukuzumi’s groups have been developing as sum-
marized in Electrochim. Acta 2012; 82: 493 and Aust. J.
Chem. 2014; 67: 354.

Throughout four decades of teaching and research,
Prof. Shunichi Fukuzumi actively collaborated with
scientists from all over the world. His international
collaboration has been expanded rapidly ever since he
started collaboration with Prof. Karl M. Kadish in 1994
when Fukuzumi was promoted to a full professor at
Osaka University. He actively collaborated with Profes-
sors Karl M. Kadish (USA), Francis D’Souza (USA),
Jonathan L. Sessler (USA), Ravindra K. Pandey (USA),
Kenneth D. Karlin (USA), Roger Guilard (France),
Maxwell J. Crossley (Australia), Dirk M. Guldi (Ger-
many), Angela Sastre-Santos (Spain) and Wonwoo Nam
(Korea). The full list of his international collaborators
is shown in this special issue. Prof. Fukuzumi served
as the leader of a GCOE (Global Center of Excellence)
program at Osaka University from 2007 to 2011, fun-
ded by MEXT (Ministry of Education, Culture, Sports,
Science and Technology), Japan. The GCOE program
provided funding support for establishing education
and research centers to elevate the international com-
petitiveness of the Japanese universities. He organized
many international GCOE symposiums to facilitate
international collaborations. He was invited to many
international conferences, giving more than 40 plenary
lectures.

Professor Shunichi Fukuzumi has published over
1000 papers, reviews and books in the area of electron-
transfer chemistry focusing on bioinspired artificial pho-
tosynthesis. His research publications have been cited
over 29,000 times, with an h-index of 81. The curricu-
lum vitae of Prof. Fukuzumi also included in this special
issue lists the awards and honors he has received in reco-
gnition of his contributions. It has been a great personal
privilege and honor to be associated with Prof. Shunichi
Fukuzumi for many years. We take this opportunity to
thank all of the authors who contributed papers for this
special issue.
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ABSTRACT: The splitting of water into its constituent elements is an important solar fuels conversion
reaction for the storage of renewable energy. For each of the half reactions of the oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER), multiple protons and electrons must be coupled
to avoid high-energy intermediates. To understand the mechanistic details of the PCET chemistry that
underpins HER and OER, we have designed hangman porphyrin and corrole catalysts. In these hangman
constructs, a pendant acid/base functionality within the secondary coordination sphere is “hung” above
the macrocyclic redox platform on which substrate binds. The two critical thermodynamic properties
of a PCET event, the redox potential and pK, may be tuned with the macrocycle and hanging group,
respectively. This review outlines the synthesis of these catalysts, as well as the examination of the
PCET kinetics of hydrogen and oxygen evolution by the hangman catalysts. The insights provided by
these systems provide a guide for the design of future HER and OER catalysts that use a secondary
coordination sphere to manage PCET.

KEYWORDS: porphyrin, corrole, catalyst, hangman effect, proton-coupled electron transfer (PCET),
hydrogen evolution, oxygen evolution, renewable, solar fuels.

INTRODUCTION

The generation of fuels from solar energy requires the
rearrangement of stable chemical bonds with light as the
impetus for the fuel-forming reaction. All such transfor-
mations of energy consequence require the coupling of
protons to an overall multi-electron event. When such
coupling is not achieved, large kinetic penalties are
associated with the fuel-forming reaction. This is most
easily seen for the seemingly simplest of chemical transfor-
mations, the reduction of protons to dihydrogen. If this
reduction proceeds by sequential one-electron steps that

a large energetic barrier. On the NHE reference scale, the
first reduction proceeds with an uphill potential of 2.3 V; the
addition of a second electron and proton then proceeds with
a downhill potential of 2.3 V [1, 2]. This is schematically
illustrated in Fig. 1. Despite an overall thermodynamic
potential of 0V, the half-reaction confronts a 2.3 V energy
barrier if the protons are not coupled to the two-electron
process. A catalyst can mediate the coupling of protons
to electrons; the ability of the catalyst to do so, leads to a
reduction of the barrier shown in Fig. 1. More generally,
this is true of any PCET reaction involving a small
molecule substrate. Hence the efficiency of a solar-to-fuels

are uncoupled from the proton, then the reaction confronts
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transformation effectively reduces to an issue of catalyst
design and the ability of the catalyst to manage PCET.

The coupling of the electron to the proton is difficult
because, unlike electrons, which can tunnel over long
distances, the 2000-fold more massive proton can only
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Fig. 1. Energetics for H, generation in the absence of PCET

tunnel over very short distances [3]. Despite this inherent
quantum mechanical difference between the two particles,
they must both tunnel together for their coupling [3-8].
To achieve this coupling, we have developed catalysts in
which the secondary coordination sphere is engineered
to manage protons and the primary coordination sphere
is engineered to manage electrons. By coupling short
proton hops to substrates bound to a redox cofactor,
PCET activation of the bound substrate may be achieved.

We have designed the hangman macrocycles shown in
Fig. 2 to examine the hydrogen evolution reaction (HER),
the oxygen evolution reaction (OER) and the oxygen
reduction reaction (ORR). The hangman -constructs
utilize a pendant acid/base functionality within the
secondary coordination sphere that is “hung” above the
redox platform onto which substrate binds. In this way,
we can precisely control the delivery of a proton to the
substrate, thus ensuring efficient coupling between the
proton and electron. We have examined hangman catalysis
with electrochemical techniques to construct a unified
mechanistic PCET framework to describe O-O, O-H

2H*
2e”

4H*

4= [ *02

porphyrin

and H-H bond-breaking and bond-making processes as
they pertain to HER and OER processes. This article will
present a summary of our efforts to: (1) adapt and elaborate
synthetic methods to enable the delivery of hangman
macrocycles in sufficiently high yields and quantities to
enable PCET studies to be undertaken with facility; (2)
design hangman macrocyclic platforms that promote
HER with an emphasis on elucidating key intermediates
via the construction of mechanistic models; and (3) design
a hangman macrocycle that promotes OER.

EFFICIENT SYNTHESIS
OF HANGMAN PLATFORMS

High yielding syntheses of hangman porphyrins and
corroles are needed if PCET studies are to be performed
with facility. Our methods have transformed hangman
catalyst platforms from difficult-to-make substances,
obtained in milligram quantities, to high yielding
compounds that can now be made on the hundreds
of milligram scale. These compounds thus have been
transformed from isolated curiosities to compounds of
sufficient quantity for us to undertake PCET studies that
are not encumbered by the availability of catalyst.

Hangman porphyrins

The library of metalated hangman porphyrins shown in
Fig. 3 was synthesized [9-11] using refined high-dilution
Lindsey reaction conditions [12] and modifications to
established procedures. A mixed aldehyde condensation
of pyrrole in chloroform in the presence of a Lewis acid
furnished the corresponding porphyrinogen intermediate
as a result of intermolecular cyclization. In situ 6e/6H*
chemical oxidation of the latter with DDQ afforded
the hangman porphyrin with a methyl ester hanging
group. Acidic or basic hydrolysis of the methyl ester
to the corresponding carboxylic acid with conventional

Ho
proton transfer site
metal binding site
for substrate Ho0

corrole

Fig. 2. Hangman platforms permit the study of PCET mechanisms of HER and OER processes
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Fig. 3. Hangman porphyrins used in PCET studies for HER and ORR

heating proceeded with extremely poor yields
[13,14]. We found that the introduction of microwave
irradiation promoted hydrolysis to overcome this major
hurdle confronting general hangman synthesis [15].
Deprotection of the methyl ester group with microwave
irradiation was achieved in 6 N NaOH solution with
more than 90% yield for the porphyrins shown in Fig. 3.
Microwave irradiation also promoted the metalation of
free base porphyrins in nearly quantitative yield. The
statistical synthesis afforded the target metalloporphyrins
in more than 35% overall isolated yield, which is 9x
greater yield than our previous methods [15].

Hangman studies have recently been expanded from a
xanthene spacer (HPX, Fig. 3) to include a dibenzofuran
backbone (HPD, Fig. 3) [11]. The larger cleft allowed
for the accommodation of a diverse set of hanging groups
possessing different steric and acid/base properties. The
key step in obtaining the HPD library relied on the
synthesis of a dibenzofuran precursor that contained an
aldehyde functionality and a protected carboxylic acid
(methyl ester). The chemistry was carried out in four steps
on a decagram scale in 37% overall isolated yield. Using
this precursor, the corresponding hangman porphyrins
with a hanging carboxylic acid can be obtained in gram
quantities. The hanging carboxylic acid on the free base
hangman porphyrin was post-synthetically modified to
form a carboxamide linker to which the acid/base group
was attached. Microwave-assisted metalation furnished
the M-HPD compounds in good yields.

Hangman corroles

Hangman corroles are attractive candidates for OER
chemistry because the m-rich trianionic corrole platform
stabilizes metals in higher oxidation states better
than porphyrins do [16, 17]. Furthermore, electron-
withdrawing substituents shift the reduction potential
of the metal positively. This motivated us to synthesize
a new class of compounds — hangman corroles bearing
fluorinated B-pyrrolic positions (Co-HF*CX) [18] via
the Lindsey [12] and Gryko [19] methods outlined in
Scheme 1. The Gryko conditions were also used to deliver

Copyright © 2015 World Scientific Publishing Company

the non-fluoro analog (Co-HCX) and had the added
advantage of allowing us to enforce the trans-A,B isomer,
thus enabling us to establish the regiochemistry of the
corrole [20-22]. Deprotection and metalation steps were
driven efficiently by microwave irradiation conditions,
allowing us to obtain the corroles in 29% overall yield.

HER BY HANGMAN PORPHYRINS

Proton relays are an emerging theme in HER catalysis
[23-29]. Key factors that define the kinetics associated
with the proton relay are: (i) the pK, of the metal ion, (ii)
the pK, of the pendant hangman relay, and (iii) the proton
transfer distance. The proton can participate in the PCET
reaction by stepwise ET and PT steps during catalysis or
in a concerted proton-electron transfer (CPET).

We have ascertained the PCET mechanism from
electrochemical studies of catalysis, complemented by
CV simulation. Heterogeneous ET rate constants (kg;°
associated with the electron transfer to the hangman
porphyrins have been obtained from “trumpet plots™ [30].
Increasing separation between cathodic and anodic peak
potentials with scan rate is indicative of deviation from
strictly Nernstian (reversible) behavior. Accordingly, the
degree of separation for a given scan rate relies on kg;°.
In the strictly electrochemically irreversible region, the
cathodic peak potential is defined by [31]:

RT { RT
E =E -078—In|k. |—— 1
pe aF ( ET aFVDJ M

where o is the transfer coefficient. Complete
electrochemical irreversibility is occasionally not
attained because of instrumental limitations or the
presence of a very fast ET process. In this case, no
explicit analytical expression exists for the transitional
behavior, but CV simulation software, such as DigiElch
[31] provides a reliable means of determining kg;°.
Beyond simple ET from the electrode, the current and
potential dependencies of the catalytic HER wave sheds
light on the PCET mechanism for H, evolution. There are

3
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Gryko synthesis: (a) InCls, b) (i) TFA, CHCl,, (ii) DDQ c) (i) 6N NaOH, microwave irradition

(ii) 20% HCI, (iii) Co(OAc),,CHClI3, microwave irradiation

X CeFs X
X ZN_X
\_NH HN—Z

X=F 30%

X X F
F
Z/ \§ +
E F
F
X=F ] 15-22%
tBu
tBu

Co-HCX (X = H)
Co-HPFCX (X = F)

Lindsey synthesis: (a) (i) BF3OEt,,CHClI3, (i) DDQ (b) (i) 6N NaOH, microwave irradition,

(i) 20% HCI, (iii) Co(OAc),, CHCl3, microwave irradiation

Scheme 1. Synthesis of hangman corroles

two major regimes for catalysis [31]: (i) total-catalysis
and (ii) no-substrate-consumption regimes. Case (i) is
revealed by a sharp catalytic peak, with a peak potential,
E,, that relates to the catalytic rate constant, k., by:

RTk,,[cat]’
E = —04098L (R [ RTk, feat] ) )
P F F Fvl[acid]

where [cat] and [acid] are the bulk concentration of the
catalyst and acid, respectively, v is the scan rate, and
R, T, and F have their usual meaning. E°, represents
the reversible catalyst redox couple. In contrast, when
catalysis is governed by case (ii), the kinetics parameters

may be extracted from the plateau current i,

i, = FA[cat]\/ Dk, [acid] (3)

where D represents the diffusion coefficient of the acid.
By using Equations 1-3, together with CV simulation
of catalytic data, we have identified the catalytic PCET
mechanism with accompanying rate constants of HER for
Co, Ni and Fe hangman porphyrins, and begun unveiling
the precise role of the proton relay in HER conversions.

Copyright © 2015 World Scientific Publishing Company

Co hangman porphyrins

We have shown that Co-HPX (Fig. 3) catalyzes HER
from weak (benzoic) and strong (tosic) acids in acetonitrile
solutions [33]. Electrochemical analysis indicated that,
regardless of the strength of acid, Co"™-H is exclusively
involved in the generation of H,. As summarized in Fig. 4,
in weak acid, a Co° center is protonated; in strong acid,
the Co' center is protonated and subsequently reduced
to deliver the Co"-H. The same result was obtained for
other Co macrocycles (i.e. tetraazamacrocycle) as well
[34]. The mechanisms on the right side of Fig. 4, at odds
with the more common notion that H, is produced from a
Co"™-H [35], is in line with recent experimental [36, 37]
and theoretical [38] findings that Co"-H is the critical
intermediate for H, generation.

Electrokinetic mechanistic studies of HER are
consistent with formation of the Co™ hydride by stepwise
electron-transfer followed by proton transfer (ET-PT)
[39]. The rate constants for the heterogeneous electron
transfer to the hangman porphyrin are summarized in
Fig. 5. Catalytic enhancement by the hangman moiety
arises from a rapid intramolecular rate-limiting PT (ca.
8.5 x 10° s™'). This is the first direct measure of a proton

J. Porphyrins Phthalocyanines 2015; 19: 4-8
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Fig. 4. (a) Typical mechanism proposed for H, generation from Co centers. (b, ¢) Mechanism for H, generation by Co-HPX

complexes, as determined from electrochemical kinetics analysis

+H* By

+e”
E9=-1.06 V vs Fc*/Fc
k9 =0.012cm s™!

EC =-2.14 V vs Fc*/Fc
k9=0.2cms™

Fig. 5. The rate constants for the PCET mechanism of HER by Co-HPX

transfer rate for HER conversion. Moreover, construction
of working curves for a non-hangman congener revealed
that the intermolecular (2nd order) proton transfer from
benzoic acid to a porphyrin lacking the hanging group
proceeded with a rate constant of 1000 M™.s". These
results indicate that the presence of the pendant proton
relay proximate to the metal center gives rise to a rate
enhancement that is equivalent to an effective benzoic
acid concentration >3000 M. This is the first quantitative
measurement of the benefits of a pendant proton transfer
in the secondary coorination sphere of a HER catalyst.

Ni hangman porphyrins

The PCET mechanism may be altered owing to
the differences in the d-electron count and hence the

Copyright © 2015 World Scientific Publishing Company

thermodynamics of proton transfer as has been been
computationally discussed [40]. Accordingly, we have
targeted Ni hangman porphyrins in order to interrogate
the manner in which metal substitution impacts the PCET
pathway and kinetics of H, production [41]. Because
we are able to make the compounds on large scale, we
have been able to crystallize the porphyrins, allowing
for their structural characterization; the Ni-HPX (meso-
C,Fs) crystal structure is shown in Fig. 6. Thus structural
metrics are available for interpreting the PCET Kkinetics
with this system.

Cyclic voltammetry (CV) of Ni-HPX (meso-C(Fs)
reveals a shift of the catalytic wave by more than
100 mV to lower overpotential when compared to
Co-HPX (meso-C¢Fs) [33]. This result is indicative of
significantly faster catalysis. The CV data and attendant

5
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Fig. 6. Crystal structure of Ni-HPX with thermal ellipsoids set
at 50% probability; hydrogen atoms and crystallization solvents
have been omitted for clarity

simulations, together with density functional theory
(DFT) computational studies, are consistent with the
occurrence of a stepwise PT followed by ET (PTET)
pathway, involving the formation of a formally Ni™H,
which is subsequently reduced to Ni"H. Operation via
this pathway (involving the protonation of the metal(I)
complex as opposed to the metal(0) complex) explains
the improved activity of this catalyst relative to its cobalt
analog. DFT calculations show that upon reduction of
the Ni" complex by one electron, the spin density on
Ni is near unity, suggesting that the unpaired electron is
localized on the Ni center [41]. Similar calculations on
the doubly reduced (formally Ni’) molecule, however,
show that only one electron is localized on Ni, and that the
other electron is transferred to orbitals predominantly on
the porphyrin ring. The non-innocence of the porphyrin
ligand in this particular reduction reaction prompted us to
consider that the proton may transfer to the ligand prior
to H, generation and that a transient phlorin intermediate
may be involved in HER. This contention is currently
under investigation.

Fe hangman porphyrins

We have expanded our studies to the Fe-HPD hangman
porphyrins shown in Fig. 3 because they enabled the
modular installation of a wide range of pendant acid/
base moieties, which are sterically imposing. With a
phosphine coordinating to the distal face of the reduced
porphyrin, these hangman porphyrins channel protons
from solution to the catalyst active site via the pendant
acid/base group. In our study of the catalytic efficacy
of these new hangman porphyrins [10], we employed
the foot-of-the-wave analysis (FOWA), developed by
Costentin and Savéant [42]. Previously, FOWA had been
used to analyze the electrocatalytic reduction of H* to

Copyright © 2015 World Scientific Publishing Company

H, [43] and CO, to CO and H,O using Fe porphyrins in
the presence of a Brgnsted—Lowry acid [42, 44-46]. The
application of FOWA to Fe-HPDs allowed us to gain
insight into the rate of proton transfer from solution to the
active site, turnover frequency, and the effect of a pendant
proton donor. We found that the steric bulk of the hanging
group modulates its pK, effect. Specifically, the sulfonic
acid derivative (strongest acid) was the most active at high
acid concentrations. However, at low acid concentrations,
the hanging N,N-dimethylanilinium, though a weaker
proton donor, showed higher activity because it was
protonated and hence effectively increased the local acid
concentration at the Fe center. These results are interesting
because in cases where H, evolution represents a parasitic
side reaction, such as carbon dioxide reduction [47, 48],
nitrite reduction [49-51] and olefin reduction [52] in
acidic solutions, the rate of proton transfer to the catalyst
active site might be tailored in order to minimize HER.

OER BY HANGMAN CORROLES

We sought to develop a hangman platform that
would allow us to undertake PCET studies of OER.
Electrochemical measurements of electron-rich macro-
cycles, such as mesityl substituted hangmans, showed
that they barely had sufficient potential for OER. In order
to boost the oxidizing power of the porphyrin subunit, we
sought to modify the hangman macrocycle with electron-
withdrawing groups. It was known that the introduction
of fluorinated phenyl groups onto the meso-positions
of the porphyrin frameworks increased the reduction
potential of oxidized porphyrins by more than 0.4 V
[53, 54]. The oxidizing power of the macrocycle can be
further augmented by an additional 0.4-0.6 V through
fluorination of the P-pyrrole positions [55, 56]. We
therefore targeted the design and synthesis of hangman
corrole Co-HP*CX (Scheme 1).

Electrochemical  experiments established that
Co-F"HCX catalyzes water oxidation [18]. The CV
(Fig. 7) exhibits two reversible oxidation processes
corresponding to the oxidation of the metal center and
the corrole ring to produce the corrole cation radical
(corr*™). Formation of the corrole cation at a redox level
of +2 beyond Co(Il) corrole was established from EPR
studies of an isolated “Co'Cl(corr)”, which exhibits
hyperfine coupling that is consistent with a Co™Cl(corr**)
formulation for the compound [20]. Introduction of a third
hole equivalent into the system leads to a catalytic wave
for OER. GC traces revealed that only O, was produced,
and the absence of CO, established that the porphyrin
did not oxidatively decompose during OER. A steady
decrease in pH with no observation of an anomaly also
indicated that the catalyst did not decompose to cobalt
oxide-like materials, since such species are unstable
in acidic solutions. At 1.4 V vs. Ag/AgCl, the turnover
frequency per Co atom of Co-P"HCX is 0.81 s'. This

J. Porphyrins Phthalocyanines 2015; 19: 6-8
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Fig. 7. Cyclic voltammogram of Co-H¥CX in aqueous solution

number compares favorably with regard to heterogeneous
cobalt-based water oxidation catalyts [57].

CONCLUSIONS

Hangman catalysts were created to allow control
over proton-coupled electron transfer (PCET) reactions.
The hangman constructs utilize a pendant acid/base
functionality within the secondary coordination sphere
that is positioned above the redox platform onto which
substrate binds. On a mechanistic front, the hangman
system orthogonalizes PCET and, in doing so, the
catalyst permits control of proton transfer over short
distances and electron transfer over longer distances. In
this way, we can precisely control the delivery of a proton
to the substrate, thus ensuring efficient coupling between
the proton and electron. Moreover, the two critical
thermodynamic properties of a PCET event, the reduction
potential and pK, may be tuned with the macrocycle and
hanging group, respectively. By constructing kinetics rate
laws using electrochemistry accompanied by simulation,
we have begun to develop a unified mechanistic PCET
framework to describe O—-O, O-H and H-H bond-
breaking and bond-making processes, as they pertain to
the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER), the two constituent reactions
of the water-to-hydrogen/oxygen fuel forming reaction.
To this end, the hangman catalysts offer a unique inroad
to providing a succinct framework to guide the design
of future HER and OER catalysts that use a secondary
coordination sphere to manage PCET.
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ABSTRACT: This mini-review presents a recent development of a new function of heme as a signaling
molecule especially in the regulation of gene expression. Heme is biosynthesized as a prosthetic group
for heme proteins, which play crucial roles for respiration, photosynthesis, and many other metabolic
reactions. In some bacteria, exogenous heme molecules are used as a heme or an iron sources to be uptaken
into cytoplasm. As free heme molecules are cytotoxic, the intracellular concentrations of biosynthesized
or uptaken heme should be strictly controlled. In this mini-review, we summarize the biochemical and
biophysical properties of the transcriptional regulators and heme-sensor proteins responsible for these

regulatory systems to maintain heme homeostasis.

KEYWORDS: heme, heme regulatory motif, sensor proteins, transcriptional regulator, two-component

system.

INTRODUCTION

Heme is one of the most widely used prosthetic
groups in biological systems in both prokaryotes and
eukaryotes, which acts as the active site for oxygen
transport/storage, electron transfer, and a variety kinds
of enzymes. In these heme proteins, the change in the
oxidation state of heme iron between Fe** and Fe** or/
and the binding of substrates to heme plays an important
role for their functional regulation. Some heme proteins
are also involved in biological signal sensing and signal
transduction, in which heme acts as the active site for
sensing gas molecules [1-3]. In these heme-based sensor
proteins, the binding of a gas molecule such as O,, CO, or
NO to heme triggers conformational changes of proteins,
which result in their functional regulation. For another
biological role of heme, it is also used as an iron source
in some bacteria, especially pathogenic bacteria that
infect mammals. In addition to these biological functions
of heme, heme itself can act as a signaling molecule
to regulate gene expressions. In this mini-review, we
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focus on recent developments of selected systems in
which heme is involved as a signaling molecule for their
functional regulation.

HrtR

Though a lactic acid bacterium Lactococcus lactis
cannot biosynthesize heme due to an incomplete set
of genes responsible for heme biosynthesis, it can
grow by oxygen respiration with cytochrome bd as
a terminal oxidase under aerobic conditions when
heme is supplied exogenously [4, 5]. Exogenous heme
molecules are imported into Lactococcus lactis cells by
an unidentified transporter system to mature cytochrome
bd as a prosthetic group [6—8]. While heme is an essential
cofactor of cytochrome bd for oxygen respiration of
L. lactis, a free heme is cytotoxic because it generates
reactive oxygen species that react with proteins, nucleic
acids, and lipids to cause dysfunction. Therefore,
intracellular concentrations of free heme molecules
should be controlled strictly under a threshold level.
An ABC-type transporter HrtAB that works as a heme
efflux system plays an crucial role for the regulation of
intracellular concentrations of heme in L. lactis [6]. When
intracellular concentrations of heme increase above a
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threshold level, the expression of HrtAB is induced to
efflux excess heme molecules out of cells. The expression
of HrtAB is regulated at the transcriptional level with
a transcriptional regulator HrtR in response to excess
heme. In this regulatory system, HrtR and heme act as
a heme sensor and a signaling molecule, respectively, as
described in detail below.

HrtR consists of 189 amino acid residues and belongs
to TetR family of transcriptional regulators, which forms
a homodimer both in the apo- and holo-forms [9, 10].
Heme is its physiological effector molecule that regulates
the DNA-binding activity of HrtR. Apo-HrtR binds to
its target DNA that is overlapped with -10 region of the

promoter for the ArtRBA operon with K, of 0.2 nM, by
which HrtR acts as a repressor of the ArfRBA operon
[9]. HrtR forms a 1:1 complex with heme, upon which it
dissociates from the DNA to result in the derepression of
the ArtRBA operon in response to heme.

The crystal structures of HrtR are reported for apo-
HrtR/DNA complex, apo-HrtR, and holo-HrtR at the
resolution of 2.0, 2.9, and 1.9 A, respectively [9]. HrtR is
a homodimer in apo- and holo-forms, and the monomer
consists of two domains, the N-terminal DNA-binding and
the C-terminal heme-sensing (heme-binding) domains
(Fig. 1). The DNA-binding domain and the heme-sensing
domain consist of oy, ol, 02, and o3 helices, and o4,

Fig. 1. Crystal structures of (a) apo HrtR/DNA complex (PDB 3VOK) and (b) holo HrtR (PDB 3VP5). A close-up view of the
interaction site between HrtR and DNA is shown in the inset of Fig. 1(a), in which dotted lines show the interactions between
the amino acid side chains and DNA bases with the distance (A). (c) The protein surface on which the DNA recognition helices
(shown as white ellipses) are exposed for (top) apo-HrtR/DNA complex and (bottom) holo-HrtR. The distance between these helices

increases upon heme binding

Copyright © 2015 World Scientific Publishing Company
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Fig. 2. The coil-to-helix transition induced by heme-binding to HrtR. The ai4a and a4b helices with the intervening loop in apo HrtR

(a) forms the single o4 helix upon heme binding as shown in (b)

as, 06, a7, a8, 09, and o helices, respectively. Though
the global fold of HrtR is similar to that of TetR family
transcriptional regulators that posses nine conserved
helices, within which helices 1 to 3 comprise the DNA-
binding domain, and helices 4 to 9 comprise the ligand-
binding domain, HrtR possesses extra short helices (ot
and 0,) at the N- and C-termini in addition to the nine
conserved helices.

The o8 and 09 helices in each monomer form a
four-helix bundle that constitutes a dimer interface.
The o2 and o3 helices in the DNA-binding domain of
each subunit constitute the helix-turn-helix motif that is
responsible for the recognition of and specific binding
to the target DNA. Only two amino acid side chains of
Arg46 and Tyr50 are involved in the sequence specific
interaction between HrtR and DNA, though there are
several hydrogen bonding interaction between HrtR and
the phosphate group of DNA [9]. While Arg46 forms a
hydrogen bonding interaction with a guanine base, there
is a Tyr50 CH-m interaction between the methyl group
of thymine and Tyr50 [9]. The orientation of these two
residues is fixed by a hydrogen bonding interaction
between each other, which results in a pairwise interaction
of Arg46 and Tyr50 with the target DNA responsible for
the specific DNA-binding [9].

A large cavity formed in HrtR dimer accommodates
heme molecules, in which one heme molecule is bound
with His72 and His149 as the axial ligands in one subunit
[9]. The absorption peaks of the Soret, o, and B bands of
holo-HrtR are observed at 413, 562, and 536 nm in the
ferric form and at 425, 560, and 530 nm in the ferrous
form, respectively, which are consistent with the six-
coordinate structure of the heme with two axial histidines
observed in the crystal structure of holo-HrtR [9].

Copyright © 2015 World Scientific Publishing Company

Heme-binding causes conformational changes of
HrtR, which is triggered by a coil-to-helix transition of
the o4 helix, the first helix of the heme-binding domain
[9]. While a loop intervenes between two helices (ada
and o4b) in the apo-form, the coil-to-helix transition
takes place in this region to form a single a4 helix upon
heme-binding (Fig. 2). The helical axis of the o4a helix
is inclined by about 25 degrees upon the coil-to-helix
transition with re-orientation of the 0.3 helix in the DNA-
binding domain, which results in a rigid-body translation
and rotation of the DNA-binding domain [9]. Thus, the
change in relative orientation of the DNA-binding domain
is induced upon heme-binding, which causes a change
in the distance between the recognition helices in the
helix-turn-helix DNA-binding motif of each subunit. The
distance between the Ca atoms of Tyr50 in the a3 helix
(the recognition helix) of each subunit increased from 35
to 47 A upon heme-binding [9]. As the distance between
two consecutive major grooves in B-DNA is 34 A, the
inter-helical distance between the recognition helices in
holo-HrtR (47 A between the Co. atom of Tyr50 in the
a3 helix) is too wide for the recognition helices to fit
into two consecutive major grooves and to bind to the
target DNA. Thus, the conformational changes triggered
by the coil-to-helix transition of the o4 helix upon heme-
binding shifts HrtR from a DNA-binding competent
conformation to one that is not.

Both axial ligations of His72 and His149 are required
for the heme-dependent regulation of the DNA-binding
activity of HrtR. Although the mutational change of His72
or His149 to Ala does not affect the DNA-binding activity
of these variants, these variants do not respond to heme at
all [9]. Though the H72A and H149A variants bind heme
with 1:1 ration as wild-type does, their holo-forms still

11
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bind to the target DNA [9]. CD spectroscopy reveals that
the coil-to-helix transition of the o4 helix upon heme-
binding does not take place in H72A and H149A variants
even though these variants bind heme to form a five-
coordinate heme. In wild-type HrtR, it is proposed that
His149 and His72 act as an “anchor” to fix the heme at
the proper position, and as a “switch” to trigger the coil-
to-helix transition, respectively [9].

HrtR adopts a unique heme-sensing motif except for
the heme-regulatory motif (HRM), which is also called
as cysteine-proline (CP) motif, that consists of a Cys-
Pro sequence which is known to be a heme-sensing
and heme-binding motif in heme-responsive signal
transducers and regulators, as described below. HrtR
adopts bis-His ligation to the heme as the heme-sensing
and heme-binding motif instead of the CP motif, which is
the first example of a heme-responsive regulatory protein
that does not adopt the CP motif for heme-sensing and
heme-binding.

AppA and PpsR

High-intensity blue light represses photosynthesis
genes expression in R. sphaeroides [11]. The AppA/
PpsR system is responsible for this light-dependent
regulation of gene expression. PpsR acts as a repressor
of photosynthesis and tetrapyrrole-synthesis genes
expression, which consists of three PAS domains (N,
PAS1, and PAS2) and a C-terminal DNA-binding domain.
A glutamine-rich linker (Q-linker) intervenes between

Fig. 3. Domain arrangements of (a) PpsR and (b) AppA. PpsR
consists of the N, PAS1, and PAS2 domains followed by the
C-terminal DNA-binding domain (HTH) containing the helix-
turn-helix motif as a DNA-binding motif. In AppA, four helix-
bundle motif (4HB) is present between the N-terminal BLUF
and the SCHIC domains

the N and PAS1 domains (Fig. 3(a)). The biological
function of PpsR as an repressor in R. sphaeroides is
regulated by the antirepressor AppA. Masuda and Bauer
[12] propose a model shown in Fig. 4 for the oxygen- and
light-dependent regulation of gene expression with AppA
and PpsR in R. sphaeroides. Under aerobic conditions,
while AppA is functionally inactive as an antirepressor
due to the formation of an intramolecular disulfide
bond, PpsR tetramer binds to the target DNA to repress
photosynthesis gene expression [12]. The disulfide bond
in AppA is reduced under anaerobic conditions, which
results in the formation of AppA/PpsR, complex that
cannot bind to the target DNA [12]. While AppA acts
as an O, sensor in this process, it acts as a blue-light

Fig. 4. A model depicting the action of PpsR and the role of AppA for controlling photosynthetic gene expression in response to

oxygen and light. Reproduced with permission [12]

Copyright © 2015 World Scientific Publishing Company
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Fig. 5. A new model for controlling photosynthetic-gene expression of AppA and PpsR in a light- and oxygen-dependent manner.
(1) PpsR exists in a dimer-tetramer equilibrium and (2) binds to promoter regions of regulated genes as an octamer. (3) Addition
of AppA leads to the formation of AppA—PpsR,. (4) This species also interacts with the promoter region to form a ternary protein—
DNA complex. (5) Illumination of this complex does not lead to dissociation of AppA and PpsR but reduces the affinity for
DNA. Depending on the relative concentrations of AppA and PpsR (6), excess PpsR competes successfully with AppA—PpsR, for
promoter regions under light conditions but is not able to replace the ternary complex in the dark. (7) The levels of AppA and PpsR
are inversely regulated in response to oxygen availability. An increase in oxygen concentration favors the formation of the PpsRy—
DNA species, thus leading to enhanced repression of photosynthesis-gene transcription. The model depicted accommodates in vivo
results presented for anaerobic, semiaerobic and higher-oxygen conditions. Reproduced with permission [13]

sensor as well. As flavin adenine dinucleotide (FAD)
in the BLUF (sensor of blue light using FAD) domain
in AppA senses blue light, a conformational change of
AppA is induced to result in the dissociation of AppA
from the AppA/PpsR, complex [12]. The conformational
change induced by light is responsible for the regulation
of photosynthetic gene expression in response to light.

Based on the crystal structures of PpsR, AppA, and
their complex, Winkler et al. [13, 14] have recently
proposed a different model as shown in Fig. 5. PpsR
exists in a dimer-tetramer equilibrium with a K, of
0.9 uM and forms an octamer to bind the target DNA
[13]. When AppA is present, the AppA/PpsR, complex
is formed, that also binds to the promoter region
of regulated genes in dark. The AppA/PpsR,-DNA
complex is proposed to show a reduced repressive
strength compared to PpsRg-DNA complex and thereby
promotes photosynthesis genes expression [13].
The AppA/PpsR, complex shows the higher kinetic
stability compared to the PpsR tetramer [13]. Upon
illumination, the DNA-binding affinity of AppA/PpsR,
complex is reduced in addition to the subtle light-
induced dissociation of AppA/PpsR,, which is caused by
allosteric structural changes triggered by light [13]. In
this model, it is proposed that the dissociation of AppA
from the complex does not proceed upon illumination.
Excess PpsR competes successfully with the AppA/
PpsR, complex for promoter region under illumination,
which results in the repression of photosynthesis genes
expression in response to light [13].

Copyright © 2015 World Scientific Publishing Company

In addition to the light- and oxygen-dependent
regulation of AppA/PpsR regulatory system, it is proposed
recently that heme-binding also regulates the function
of this system [15]. AppA consists of the BLUF, the
4 helix bundle, and the SCHIC domains followed by the
C-terminal Cys-rich domain (Fig. 3(b)). The full-length
AppA binds ferric (Fe**) heme to show the Soret peak at
412 nm with broad peaks in the 500 to 600 nm region [15].
The heme-binding affinity is estimated to be 1.25 uM of
K,. Upon reduction, the Soret peak shifts to 424 nm and
a well resolved o and B peaks are observed at 558 and
528 nm, respectively [15]. These spectra are characteristic
of six-coordinate heme proteins with two axial ligands.
Though His284 is proposed to be one of the axial ligands
as described below, the other axial ligand is not obvious
at present.

The SCHIC (sensor containing heme instead of
cobalamin) domain shows a similar overall structure to
the vitamin B,,-binding domain of E. coli methionine
synthase (MetH) (Fig. 6). In vitamin B ,-bound MetH,
His759 in a loop located in the B, ,-binding cleft is
coordinates to cobalt ion. Given that heme binds to the
corresponding cleftin the SCHIC domain, the coordination
structure of the heme bound to AppA could be estimated,
though the crystal structure of a heme-bound SCHIC
is not obtained. Based on the structural homology, it is
proposed that His284 is an axial ligand of heme bound
to AppA [15]. His284 is located at a loop corresponding
the His-loop in MetH in a putative heme-binding cleft in
the SCHIC domain of AppA. Heme-binding to AppA is

13
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Fig. 6. Structures of the SCHIC domain in AppA (PDB 4HEH). (a) A putative heme-binding site is shown with a dotted ellipse in
one subunit. His284 is shown as a stick model. (b) The SCHIC domain exists as a homodimer

proposed to push the BLUF domain toward the dark state
conformation, which increases the antirepression activity
of AppA on PpsR for photosynthesis genes expression
[15]. The involvement of heme in the regulation of
AppA antirepressor activity ensures that photosynthesis
genes expression increases under the conditions of that
sufficient heme is available [15].

PpsR is also reported to bind heme with a molar ratio
of 0.85 + 0.08 PpsR/heme, and the affinity of PpsR for
heme is estimated to be a K, of 1.9 uM [16]. While the
Soret peak is observed at 372 nm with peaks in the 500—
700 nm in the ferric state, the Soret peak is shifted to
420 nm with the appearance of clear o and 3 peaks in
the 500-600 nm region upon reduction [16]. Based on
site-directed mutagenesis and UV-vis studies, Yin et al.
[16] propose that Cys424 is an axial ligand of the ferric
heme to form a five-coordinate heme, and that Cys424
and His275 are the axial ligands of the ferrous heme to
form a six-coordinate heme. Heme inhibits the formation
of a higher ordered PpsR/target DNA supercomplex [16].
Cys424 is located close to the helix-tern-helix motif in
PpsR, which suggests that heme-binding to Cys424
would cause conformational changes of the DNA-binding
domain including the helix-tern-helix motif to change
interactions between PpsR and DNA [16]. Though the
crystal structure is determined for a truncated form of
PpsR lacking the C-terminal DNA-binding domain
including the helix-turn-helix motif without heme, the
structure of full-length PpsR is not obtained yet. To
elucidate the molecular mechanisms of heme-sensing
and heme-dependent functional regulation of PpsR in
detail, the structural determination of full-length PpsR is
required in both the apo- and holo-forms.

Irr

Irr (iron response regulator) regulates the expression
of hemB, which encodes amino levulinic acid (ALA)

Copyright © 2015 World Scientific Publishing Company

dehydratase in heme biosynthesis pathway, in response
to iron availability in Bradyrhizobium japonicum [17,
18]. Irr was initially discovered as a transcriptional
regulator of heme biosynthesis, but it becomes clear
that Irr in B. japonicum (Bj-Irr) is a global regulator
of iron homeostasis and metabolism including the
regulation for the expression of iron-regulated genes
and iron transport genes [19, 20]. A mutation on the
irr gene results in loss of normal iron responsiveness
of iron-regulated genes and a lower total cellular iron
content, which suggests Bj-Irr is required for the correct
perception of the cellular iron status [19]. Bj-Irr interacts
with ferrochelatase, the enzyme catalyzing iron ion
insertion into protoporphyrin IX at the final step of heme
biosynthesis, to sense the cellular iron status via the
status of heme and protoporphyrin in bacterial cells [22].
Irr and ferrochelatase interact directly, and Irr responds to
heme localized at the site of synthesis, not to a free heme
pool [22]. Thus, ferrochelatase provides the input signal
to Bj-Irr in mediating iron-dependent regulation of target
genes, in which heme is a signaling molecule [22]. The
direct interaction between ferrochelatase and Bj-Irr will
prevent free heme molecules from exerting cytotoxicity.
Though Bj-Irr belongs to Fur family of transcriptional
regulator, its functional properties are distinct from the
canonical Fur protein. The canonical Fur protein senses
and binds a transition metal ion Fe** as it physiological
effector, and the binding/dissociation of Fe*" is reversible,
by which DNA-binding activity of Fur is regulated. Bj-Irr
adopts heme as its physiological effector and the heme-
dependent protein degradation plays an important role for
the functional regulation of Bj-Irr [23]. Reactive oxygen
species, probably H,0,, is involved in the heme-dependent
degradation of Bj-Irr [24]. The oxidation (carbonylation)
of Irr proceeds when Bj-Irr is incubated with hemin,
dithiothreitol (DTT) as a reductant, and O,, which would
be a trigger of the degradation of Bj-Irr. Heme-binding to
Bj-Irr is required for its degradation [22]. These results

J. Porphyrins Phthalocyanines 2015; 19: 14-20
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suggest that Irr mediates a cellular response not only to the
cellular iron status but also to oxidative stress to regulate
heme biosynthesis [24]. A similar protein modification
in response to H,O, is observed in PerR, which is also
Fur family of transcriptional regulator [25]. PerR senses
H,0, by Fe** or Mn*" at the regulatory metal-binding site,
upon which the oxidation of His residues coordinated to
the effector metal ion takes place [25]. The oxidation
of the metal ligands in PerR results in conformational
changes, by which the DNA-binding activity is regulated.

Bj-Irr can bind two equivalents of heme in two
heme-binding sites, which is revealed by mutagenesis
and spectroscopic studies including UV-vis, resonance
Raman, and electron paramagnetic resonance (EPR)
spectroscopy [26, 27]. The primary heme-binding site in
Bj-Irr is assigned to be the N-terminal heme regulatory
motif (HRM) consisting a Cys-Pro dipeptide motif. The
heme in the HRM is in a five-coordinate, high-spin state
with Cys29 as the axial ligand [27]. The Fe-S stretching
mode is observed at 333 cm™!, which is lower compared
with other thiolate-bound hemes like cytochrome P450
(351 cm™) and chloro-peroxidase (CPO) (347 cm™) [27].
The heme bound at the primary heme-binding site shows
the v3 band at 1492 cm™ typical of the Cys-ligated five-
coordinate high-spin heme in the high-frequency region.
Due to the absence of hydrogen bonding interactions
to the heme-bound thiolate, the labile and multiple
configurations is proposed to be present in the ligation of
Cys209 to the heme in the primary heme-binding site [27].
The heme-binding affinity (K, for heme) is estimated to
be ca. 10 nM by measuring the changes in the anisotropy
of the intrinsic fluorescence of Trp31 adjacent to Cys29,
the axial ligand of the heme in Irr [28]. In the secondary
heme-binding site, two histidines are coordinated to
the heme as the axial ligands to form a six-coordinate
low-spin heme, which shows the v3 Raman band at
1503 cm™ and EPR signals at g = 2.98, 2.29, and 1.53.
As the crystal structure of Irr is not reported yet, it is not
identified which histidines are the axial ligands of the
heme [28].

The crystal structures of several Fur family proteins
are reported [29], among which Helicobacter pylori Fur
(Hp-Fur) and B. subtilis PerR are shown in Fig. 7. In
H. pylori Fur, three metal-binding sites are present, in
which Cys102, Cys105, Cys142, and Cys145 for sitel,
His42, His97, His99, Glu90, and Glul10 for site 2, and
His96, His134, Glull7, and GInl20 for site 3 provide
for ligands of metal ions bound in these sites. The sites
2 and 3 are thought to be the regulatory metal-binding
sites responsible for the metal-dependent functional
regulation of Fur, while the site 1 is the binding site of
the structural zinc responsible for stabilizing the dimeric
form of the regulator [29]. In B. subtilis PerR (Bs-PerR),
while four Cys residues at the position of 96, 99, 136, and
139 provide for the ligands of the structural zinc, His37,
Glu85, His91, His93, and Aspl04 are coordinated to
manganese ion in the regulatory metal-binding site.

Amino acid sequence alignment among Hp-Fur,
Bs-PerR, and Bj-Irr shows that His63, His117, His119
are conserved in Bj-Irr at the corresponding locations
to the regulatory metal ion-binding sites of Hp-Fur and
Bs-PerR (Fig. 8), suggesting that two of these histidines
could be the axial ligands of the heme bound at secondary
heme binding site in Bj-Irr. A truncated Bj-Irr mutant
lacking the C-terminal 47 amino acids (amino acids 117
to 163) unable to bind ferrous heme does not degrade
in vivo, and is not oxidized in vitro [24].

Rhizobium leguminosarum and its close relatives
such as Brucella, Agrobacterium, and Bartonella also
contain Irr as an iron-responsive transcriptional regulator
[30-35]. As Irr proteins from these bacteria including
Irr from Rhizobium leguminosarum (Rl-Irr) lack the
N-terminal HRM, they show the molecular mechanism
for the regulation of gene expression in response to heme
distinct from that for Bj-Irr. While heme-binding to
Bj-Irr promotes protein degradation, Rl-Irr binds heme
to form a stable heme-bound form, by which its DNA-
binding affinity is regulated [30]. Irr from Rhizobium
leguminosarum (Rl-Irr) binds the target DNA in apo
form, but heme-bound RI-Irr does not [30].

Fig. 7. Crystal structures of H. pylori Fur (PDB 2XIG) and B. subtilis PerR (PDB 3F8N). Spheres represent metal ions bound to

the proteins

Copyright © 2015 World Scientific Publishing Company
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Rl-Irr binds ferric heme to show the Soret, o, and
B bands at 412, 562, and 533 nm, respectively. The
reduction of RI-Irr results in a red shift of the Soret peak to
426 nm and the sharp o and [ bands at 559 and 528 nm,
respectively [30]. These UV-vis spectra are typical of
six-coordinate low-spin heme proteins. Though RI-Irr is
proposed to have two heme-binding sites, these two sites
can not be distinguished from each other in its UV-vis
spectra probably due to similar coordination structures of
these sites, as described below.

RI-Irr has two heme-binding sites in its monomer with
K, values of 1.0x 107 M and 1.0 x 10° M [30]. The higher
affinity heme-binding site is proposed to be located in
the sensory domain at the HXH motif at the position of
93-95 close to the monomer-monomer interface, where
two histidines in this motif are coordinated to the heme
to form a six-coordinate low-spin heme. The heme bound
at the HxH motif is EPR silent probably due to magnetic
coupling between two closely located hemes bound in
the RI-Irr dimer [30]. The HxH motif is highly conserved
among Irr proteins including Bj-Irr and RI-Irr (Fig. 8),
suggesting that this motif is conserved as a heme-binding
site in Irr proteins. The HxH motif is absolutely required
for RI-Irr to bind the target DNA in vitro and to function
as a transcriptional regulator in vivo [30]. While heme-
binding to the HxH motif results in the loss of DNA
binding activity, replacing the HxH motif with Ala
residues also causes the same result [30]. Thus, heme-
binding to the HxH motif causes conformational changes
of RI-Irr to result in the loss of DNA binding activity,
which can be mimicked by the mutations on the HxH
motif.

EPR and UV-vis spectroscopy along with mutagenesis
studies suggest that His46 and His66 are involved in
coordinating heme in the second heme-binding site with
alower affinity [36]. The heme bound at the lower affinity
site is in a low-spin state with two axial ligands (His46
and His66), showing the EPR signals at g = 2.95, 2.26,
and 1.55 [30]. Though these histidines are not conserved
between Bj-Irr and RI-Irr, they are conserved among Irr
homologs lacking the N-terminal HRM [36].

Heme-binding to the lower affinity site, not to the HxH
motif, promotes a change in the oligomerization states
[36]. While heme-free RI-Irr exists as an equilibrium
mixture of a dimer and hexamer, heme-binding promotes
RI-Irr oligomerization [36]. The functional roles of the
oligomerization induced by heme-binding to the lower
affinity site remain unclear.

HbrL

HbrL is LysR-type transcriptional regulator (LTTR) in
Rodobacter capsulatus, which consists of the N-terminal
DNA-binding domain containing a helix-turn-helix motif
followed by a LTTR coinducer binding motif [37]. HbrL.
binds the promoter region of hemA, hemB, and hemZ
to regulate the expression of these genes in response to
the availability of heme, among which the expression of
hemA and hemZ encoding 5-aminolevulinate synthase
and coproporphyrinogen III, respectively, is strongly
activated in the absence of heme while hemB encoding
porphobilinogen synthase is moderately repressed in
the presence of heme [37, 38]. In addition to these
genes responsible for heme biosynthesis, HbrLL acts as

Fig. 8. Amino acid sequences of Bj-Irr, Rl-Irr, Bs-PerR, and Hp-Fur. A CP motif in Bj-Irr is underlined. The ligands of regulatory
metal ions at site 2 and site 3 for Hp-Fur are shown with * and + under its sequence, respectively. The histidine residues in the HxH

motif are shown in bold

Copyright © 2015 World Scientific Publishing Company
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a transcriptional activator of multiple ferrous and ferric
iron uptake system and a heme uptake system, which
indicates that HbrL plays a central role for regulating
both iron transport and heme biosynthesis as a function
of iron availability [38].

Though it is reported that HbrL. binds heme showing
the Soret peak at 413 nm, the coordination structure of the
heme in HbrL is not known [37]. It is proposed that hemB
expression would be reduced by repressive binding of an
HbrL-heme complex and that only HbrL-heme complex
activates the expression of hemA and hemZ though HbrLL
binds the target DNA in the presence and absence of
heme [37]. However, as no structural information of
HbrL is available at present, detail mechanisms of the
heme-sensing and the heme-responsive regulation of
gene expression for HbrL remains to be elucidated.

Bachl

Bachl is a mammalian transcriptional repressor that
regulates the expression of heme oxygenase-1 (HO-1),
ferritin, and B-globin in response to heme, by which it
plays an important role for iron homeostasis [39-42].
Heme-free Bachl forms a heterodimer with small Maf
proteins such as MafK, and the resulting heterodimer
binds to the target DNA, Maf recognition elements
(MARES) to act as a repressor. Bachl consists of 739
amino acids, in which the N-terminal BTB/POZ and
the bZip domains are responsible for mediating dimer
formation and DNA binding with heterodimer formation
with small Maf proteins, respectively. Though there are
six CP motifs (Cys224, 301, 438, 464, 495, and 649 for
CP1, CP2 CP3, CP4, CP5, and CP6, respectively) in
Bachl, only CP3-CP6 bind heme, but CP1 and CP2 do
not [40, 43].

When Bachl binds heme, DNA-binding activity of
the Bachl/MafK heterodimer is inhibited resulting in
the dissociation the heterodimer from Maf recognition
elements [44]. Transcription reporter assays and
mutagenesis studies suggest that CP5 and/or CP6 may
be involved in the regulation of the DNA-binding activity
of Bachl [43]. Heme-binding to Bachl also controls
the subcellular localization of Bachl, by which Bachl
is excluded from the nucleus. Deletion of CP3 or CP4
completely abolishes heme-induced nuclear exclusion,
which reveals that CP3 and CP4 are critical in the heme-
induced cytoplasmic relocalization of Bachl [43]. It is
proposed that heme-binding to CP3 and CP4 induces a
conformational change around these CP motifs, resulting
in an exposure of the putative nuclear export signal, a
stretch of hydrophobic amino acids between CP3 and
CP4, on the surface of the protein and thus in activation
of the nuclear export of Bachl [39].

In addition to the heme-induced regulation of DNA-
binding activity and subcellular localization of Bachl,
it is proposed that heme within a cell regulates the
polyubiquitination and degradation of Bachl [45].

Copyright © 2015 World Scientific Publishing Company

While mutations in all of the CP motifs significantly
reduce the HOIL-1 mediated polyubiquitination of
Bachl, the addition of hemin increases the levels of
polyubiquitination of wild-type Bachl but not Bachl
variant with mutations in the CP motifs [45]. A central
region (amino acids 426 to 503) containing the CP3,
CP4, and CP5 motifs is proposed to be a binding site for
HOIL-1, suggesting that the heme-binding to these CP
motifs causes a conformational change in this region,
which results in the increased polyubiquitination [45].

Heme titrations with UV-vis spectroscopy reveal that
Bachl1 binds five equivalents of heme [39]. One molecule
of heme binds to each of the cysteine residues in CP3,
CP4, CP5, and CP6 in Bachl to form a five-coordinate
high-spin heme (Type 2 site), which show the Soret
peak at 371 nm and the Raman bands at 343, 1569, and
1490 cm™ for the Fe-S stretching, v2, and v3 modes,
respectively [39]. A six-coordinate low-spin heme (Type 1
site) is also present in heme-bound Bachl, which shows
the Soret peak at 423 nm and the Raman bands at 1584
and 1501 cm™ for the v2 and v3 modes, respectively
[39]. Though a histidine and a non-CP motif cysteine
residues are thought to be the axial ligands of the heme
at Type 1 site, these residues are not assigned yet. While
the hemes bound at Type 2 site are responsible for the
functional regulation of Bachl as described above, it is
unclear if heme-binding at Type 2 site is involved in any
physiological regulation of Bachl.

In addition to Bachl, there are some other eukaryotic
heme-sensing proteins, including HAP1, Rev-Erbo, and
Rev-Erbf. HAPI is a transcriptional regulator in yeast,
which is activated by binding heme in its HRM, especially
HRM?7 located at the C-terminal region, to activate the
expression of the genes for respiration and oxidative
damage control [46, 47]. Rev-Erba and Rev-Erbf belong
to the nuclear hormone receptor superfamily and are
involved in the regulation of the circadian rhythm [48,
49]. Though they uses heme as their physiological ligand,
the detail mechanisms of how heme-binding regulates
their physiological functions remain to be elucidated.

Heme-sensing histidine kinases in bacterial
two-component systems

Bacterial two-component systems consists of sensor
histidine kinases (SKs) that sense a wide variety of
physical and chemical signals, including light, pressure,
temperature, nutrients such as sugars and amino acids,
metal ions, efc. and response regulator proteins (RRs) that
are phosphorylated by the cognate sensor kinases to elicit
a response, usually the regulation of gene expression in
response to eternal signals sensed by sensor histidine
kinases [50, 51]. Heme acts as an external signal in
several bacterial two-component systems, as summarized
in Table 1.

A heme sensing two-component system, HssR/HssS,
is responsible for the regulation of the expression of an
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Table 1. Heme-sensing two-component systems

SK/RR* Microorganisms References
HssS/HssR S. aureus, B. anthracis 53-55
ChrS/ChrA C. diphtheriae, C. glutamicum 57, 64
HrrS/HrrA C. diphtheriae, C. glutamicum 59, 64
SaeS/SaeR S. aureus 65
VirS/VirR C. perfringens 66
Hklep/Rrlep L. biflexa 67
HaeS/HaeR P. gingivalis 68

*SK: sensor kinase, RR: response regulator.

ABC type transporter HrtA/HrtB in response to heme
to maintain cellular heme homeostasis in a pathogenic
bacterium Staphylococcus aureus [52]. Unlike the HrtAB
transporter that export heme in L. lactis, it is proposed
that the HrtAB transporter in S. aureus does not export
heme itself from the cytoplasm, but exports by-products
of heme toxicity or heme metabolites that accumulate in
bacterial cells upon heme acquisition to overcome heme
toxicity [52]. When the sensor histidine kinase HssS
senses heme, autophosphorylation at His249 in HssS takes
place followed by transphosphorylation of Asp52 in HssR.
Phosphorylated HssR binds to the hrtAB promoter, which
results in the activation of the expression of the hrfAB
genes [53, 54]. Bacillus anthracis also encodes functional
HssRS and HrtAB systems similar to those of S. aureus,
which are required to cope with heme toxicity [55, 56].

Amino acid sequence analyses predict that HssS
proteins from S. aureus and B. anthracis have two
transmembrane regions with a long periplasmic loop
and the C-terminal histidine kinase domain [53, 55].
Although HssS may sense heme by direct binding, there
is neither any HRM nor conserved amino acids that
typically engage in axial ligation to the heme iron among
the potential HssS orthologs [52].

In Corynebacterium diphtheriae, a two-component
system, ChrA/ChrS, regulates the expression of the
hmuO and the hrtAB genes that encode a heme oxygenase
and a putative ABC type transporter, respectively. When
the sensor histidine kinase ChrS senses heme, the
autophosphorylation activity of ChrS is significantly
stimulated [57]. Phosphorylation of ChrS results in the
activation of the expression of the hmuO and the hrtAB
genes via intermolecular signal transduction between
ChrS and ChrA [58-61]. While HmuO is important for
iron acquisition by degradation of heme, HrtAB system
is required for protection from heme toxicity [61].

Amino acid sequence analysis predicts that ChrS
contains six transmembrane regions and the histidine
kinase domain in the N-terminal sensor domain and
the C-terminal region, respectively [57]. This structure
is different from HssS proteins, suggesting distinct
mechanisms of heme recognition [57]. Though it is

Copyright © 2015 World Scientific Publishing Company

reported that ferric heme-bound ChrS shows the Soret
peak at 405 nm, the coordination structure of heme in
ChrS remains to be determined [57].

SenS and SenR, which are a histidine kinase and a
response regulator, respectively, and an accessory protein
HbpS in Streptomyces reticuli, form a novel sensing
system consisting of a typical two-component system
(SenS/SenR) and a third component. In this system,
HbpS is proposed to bind heme to regulate the autokinase
activity of the histidine kinase SenS in response to hemin
or oxidative stress [62, 63]. In this system, the sensor
histidine kinase SenS does not sense heme, but the third
component acts as a heme sensor.

Though genetic and microbiological studies clearly
reveal that heme acts as a signaling molecule in these
heme-sensing two-component systems, detail molecular
mechanisms remain to be elucidated for heme sensing
and heme-induced signal transductions. To answer these
questions, spectroscopic and structural analyses are
required for the heme-sensing histidine kinases.
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ABSTRACT: This review is devoted to porphyrinoids with N-arylamino groups tethered directly to
their meso positions, the study of which has significantly progressed in the past two decades. After a
brief introductory description, various synthetic procedures for these compounds are described. The
third section focuses on their photochemical and electrochemical properties, and reviews the synergetic
effects that arise between the porphyrinoids and the N-arylamino groups. Potential applications are then
discussed, focusing on dye-sensitized solar cells (DSSCs).

KEYWORDS: N-arylaminoporphyrinoids, electrochemistry, photochemistry, dye-senstized solar cells.

INTRODUCTION

Arylamines are one of the most important and useful
groups of organic molecular fragments. For example, the
N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine
(TPD) [1] and N,N’-bis(3-methylphenyl)-N,N’-diphenyl-
9,9-spirobifluorene-2,7-diamine (spiro-TPD) [2] families
are good hole-transport materials in organic electronics.
Several arylamine-based organic dyes are also used in
organic photovoltaics (OPVs) [3] and dye-sensitized
solar cells (DSSCs) [4]. Arylamines have various useful
features such as donor ability [5], reversible redox
properties [6], fluorescence [7], and donor—acceptor
interactions (when combined with an acceptor) [8] that
allow them to be valuable and versatile functional
molecular fragments with a wide variety of applications.
Therefore, adding N-arylamino or N,N-diarylamino
groups to the meso-position of porphyrinoids is a
promising method of enhancing and tuning the photo-
and electro-functionalities of the combined components.
This review examines the syntheses, basic photo- and
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electrochemical properties, and applications of a series
of meso-N-arylaminoporphyrinoids (Fig. 1).

SYNTHESES

The first synthesis of meso-N-arylaminoporphyrin was
reported by Gold [9], who used the nucleophilic addition
of N-arylacetamido (generated from the corresponding
N-arylacetamide and sodium hydride) to the cationic
zinc(IT) octaethylporphyrin radical with subsequent
deacetylation using sodium methoxide to achieve yields
of up to 40% (1 in Fig. 2a). Zhang et al. achieved yields
of up to 99% by using Buchwald—Hartwig amination (2
in Fig. 2b) [10] to couple 5-bromo- or 5,15-dibromo-
10,20-diphenylporphyrin ~ (freebase or zinc) with
monoaryl- and diarylamimes in the presence of a
palladium acetate and bis(2-diphenylphosphinophenyl)
ether (DPEphos) catalyst and a base (cesium carbonate
or sodium fert-butoxide). The protocol has been
frequently used by other researchers, giving rise to slight
variations. Metal-free N-arylamination of 5-bromo-
10,20-bis(3,5-di-tert-butylphenyl)porphyrin  was also
reported by Balaban (yield: 36%) [11]. Recent work
contributed by Devillers and Richeter has described
aromatic nucleophilic substitution (SyAr) of nickel(IT)
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Fig. 1. Structure of the simplest meso-N-aryl- and meso-
N,N-diarylaminoporphyrins
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5-nitro-10,20-di-p-tolyl-15-phenylporphyrin, including
the introduction of arylamines or diarylamines in the
presence of a potassium hydroxide base (3 in Fig. 2c,
yield: up to 66%) [12]. In every case, N,N-diarylamination
was more difficult than N-arylamination.

Moore and Gust synthesized a polymeric material based
on meso-N-arylaminoporphyrin by means of a strategic
procedure. An oxidative electrochemical polymeri-
zation of zinc(Il) or free-base 5-(4-aminophenyl)-10,20-
bis(2,4,6-trimethylphenyl)porphyrin was conducted in
dry and deoxygenated 0.1 M Bu,NPF,/CH,CN (Fig. 2d),
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Fig. 2. Synthetic procedures for meso-N-aryl- and meso-N,N-diarylaminoporphyrinoids. (a) Nucleophilic addition of N-arylacetamido
to [octaethylporphyrinato]zinc(Il) and subsequent deacetylation [9]. (b) Buchwald—Hartwig amination to [5,15-dibromo-10,20-
diphenylporphyrinato]zinc(Il) [10]. (¢) SyAr of [5-nitro-10,20-di-p-tolyl-15-phenylporphyrinato]nickel(II) [12]. (d) Oxidative
electrochemical polymerization of 5-(4-aminophenyl)-10,20-bis(2,4,6-trimethylphenyl)porphyrin [13]. (¢) SyAr of methoxo(5-

bromo-10,15-diphenylsubporphyrinato)boron(III) [15, 16]
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Fig. 3. Oxidative
nickel(IT) [17]

which led to the formation of polymer 4 (Fig. 2d)
[13]. Moore also conducted chemical oxidation using
Cu(BF,),, obtaining oligomers with a mean degree of
polymerization of 6.8 [14].

Osuka and Kim reported the meso-amination of boron-
centered subporphyrins. Their first synthesis employed a
technique similar to Zhang’s, which gave rise to meso-
N-arylaminosubporphyrin (yield: up to 78%) [15].
They then found that a SyAr reaction of 5-halo-10,15-
diphenylsubporphyrin using potassium fert-butoxide as
a base was more effective, obtaining not only meso-N-
arylaminosubporphyrin (yield: up to 82%) but also meso-
N,N-diarylaminosubporphyrin (5 in Fig. 2e, yield: up to
80%) [16].

A valuable post-synthetic modification for meso-N,N-
diarylaminoporphyrin was reported by Kim, Yorimitsu
and Osuka [17], who conducted a ring-closure reaction
under oxidative conditions (FeCl, and 2,3-dichloro-5,6-
dicyano-p-benzoquinone, DDQ) between the arene of
the amino group and the B-position of the porphyrin
macrocycle. Either one or two fused six-membered
rings including the amine center were generated (6
and 7 in Fig. 3). The most important result of this
modification was the planarization. The dihedral angle
between the sp? amino group and porphyrin ring was
69.5° (from single-crystal X-ray structure) for nickel(Il)
5-N,N-bis(3-methoxyphenyl)amino-10,15,20-tris(3,5-
di-tert-butylphenyl)porphyrin, which is induced by
the steric hindrance between the two components. The
dihedral angle, however, was significantly reduced
in the singly- and doubly-fused products (10.4° and
19.1°, respectively). In combination with the expanded
n-system induced by the ring fusion, the porphyrin

Copyright © 2015 World Scientific Publishing Company
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fusion reaction of [5-N,N-bis(3-methoxyphenyl)amino-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]

moiety may enjoy better communication with the
diarylamino group. The fused compounds exhibited
cathodic shifts in their oxidation potentials and red-
shifts in the absorption bands.

PHOTOCHEMICAL AND
ELECTROCHEMICAL PROPERTIES
Their highly developed m-orbitals mean that

porphyrinic compounds produce n—m* absorption bands
in the visible region. Typically, there is a very strong and
sharp absorption (B-band) at around 400-450 nm, and
also a set of weak absorptions (Q-band) at 500-650 nm.
As an example, the absorption spectrum of free-base
5,15-diphenylporphyrin is shown in Fig. 4a. The
efficient acquisition of solar radiation requires strong
absorptivity at A > 450 nm, which can be achieved
through the introduction of arylamino and diarylamino
groups. Figure 4a also shows the electronic spectrum of
free-base  5,15-bis[(V,N-bis(4-methoxyphenyl)amino]-
10,20-diphenyl)porphyrin synthesized by Sakamoto
[18]. The intensity of the B-band is decreased (but
still strong enough), whereas the absorptivity at A >
450 nm is increased and red-shifted. DFT calculations
indicated that the n-orbital of the diarylamino group
couples with one of the m-orbitals of the porphyrin
moiety, giving rise to significant contributions to the
HOMGOs (Fig. 4b). Therefore, the expression of charge
transfer bands and the weakening of the configuration
interaction in the m—mt* transitions [19] may account for
the enhancement of absorptivity at long wavelengths.
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Fig.4. (a) UV-vis/NIR spectraof 5,15-diphyenylporphyrin (solid
red line) and 5,15-bis[(N,N-bis(4-methoxyphenyl)amino]-
10,20-diphenyl)porphyrin 8 (solid blue line) in dichloro-
methane. (b) Frontier orbitals of 8 estimated by DFT calculation
(B3LYP/ Lanl2DZ) [18]

An aggregation-induced red-shift was excluded by the
fact that a zinc analog with an addition of pyridine also
underwent a red-shift [20]. The fluorescence was not
quenched, but red-shifted in N,N-diarylaminoporphyrin
[20]. Osuka and Kim demonstrated that the Q-band-like
absorption and fluorescence of subporphyrin may also
be red-shifted upon the introduction of arylamino and
diarylamino substituents at the meso-position [16].
Sakamoto alsoreported that N,N-diarylaminoporphyrin
displays good redox behavior [18]. Free-base por-
phyrin tends to show irreversible oxidation in cyclic
voltammetry [21]. However, free-base 5,15-bis[(V,N-
bis(4-methoxyphenyl)amino]-10,20-diphenyl)porphyrin
8 featured a reversible two-electron one-step oxidation
process (Fig. 5). This result indicates that the positive
charges upon oxidation are distributed chiefly on the

Copyright © 2015 World Scientific Publishing Company

Fig. 5. Cyclic voltammogram of 5,15-bis[(N,N-bis(4-methoxy-
phenyl)amino]-10,20-diphenyl)porphyrin 8 (solid blue line) in
0.1 M Bu,PF,-dichloromethane at a sweep rate of 100 mV.s™.
Half-wave potential E,,, is 107 mV (2¢") [18]

diarylamino substituents, leading to the good stability of
the cationic form. This is consistent with the DFT study
(Fig. 4b).

Therefore, arylamino and diarylamino groups are
good partners for porphyrinoids, and the reinforced
photochemical and electrochemical properties are useful
for certain applications, which are described next.

APPLICATIONS

Extensive studies by Fukuzumi and Imahori have found
that porphyrinic compounds are useful for photoinduced
charge-separation multiads and photoelectric conversion
systems [21]. Porphyrins and related derivatives have
also long been studied as potential sensitizers for dye-
sensitized solar cells (DSSCs) [22]. As noted in the
previous section, an unsubstituted porphyrin shows
an intense B-band at 400-450 nm, but only moderate
Q-bands at 500-650 nm. Compared with ruthenium
complexes, which are often used as sensitizers of DSSCs
[23], these narrow bands limit the light harvesting of
porphyrin-based dyes. Insufficient light-harvesting and
dye aggregation account for the low efficiencies of most
of these porphyrin-based dyes. A rational approach to
improve the performance of a cell with porphyrin dyes
is to extend the m-systems, which broadens and red
shifts these absorptions, and thus enhances solar energy
acquisition [24].

The organic dyes used in DSSCs often possess donor—
n-bridge—acceptor (D—n—A) molecular structures, and
elaborated D—-m—A structures have been shown to affect
the performance of DSSCs [25]. This strategy is also valid
in porphyrinic systems [26-28]. Here we focus on D-nt—A
porphyrins with diarylamines as the donor site, and their
outstanding performance as DSSC dyes [27, 28].

The application of arylamine-appended porphyrins
to DSSCs was initiated by Diau and Yeh [27a,0], who
fabricated 12 types of porphyrinic dye. They found that

J. Porphyrins Phthalocyanines 2015; 19: 24-31
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YD2-0-C8

Fig. 6. DSSC dyes based on N,N-diarylaminoporphyrin [27a-27¢]

Table 1. DSSC parameters for pigments shown in Fig. 6 [27a-27¢]

Jsc, mAcm? Voe, mV FF PCE, % Redox mediator
YD1 13.60 701 0.629 6.0 PIr
Tda-2b-bd-Zn 18.4 710 0.57 7.47 PIr
BTBPA 13.15 541 0.68 4.83 FIr
YD2-0-C8 17.3 965 0.71 11.9 [Co(bpy)s**/[Co(bpy)s]>*
SM371 15.9 960 0.79 12.0 [Co(bpy);]*/[Co(bpy)sI**
SM315 18.1 910 0.78 13.0 [Co(bpy);]**/[Co(bpy),]**

the pull-push porphyrin, YD1, comprising a diarylamino
group donor at the 5 position and 4-(carboxylphenyl)
ethynyl group acceptor at the 15 position (Fig. 6),
produced a power conversion efficiency (PCE) of
6.0%, comparable to that of a ruthenium-based N3
dye system. The studies published by Diau and Yeh
founded a new area of porphyrinic DSSC dye research
that stimulated much subsequent research [27b-z, 28].
Important studies are described here and their DSSC
parameters are summarized in Table 1. Sessler, Kim, and
Kim introduced 2-propenoic or 2,4-pentadienoic acid
at the B-positions, which served as both acceptor and
anchoring groups (e.g. Tda-2b-bd-Zn in Fig. 6) [27b].
In combination with a scaffold film of anatase TiO,
spheres, Tda-2b-bd-Zn exhibited a PCE of 7.47%. Lin
and Segawa fabricated porphyrin dimers, which included
the N,N-diarylaminoporphyrin motif (e.g. BTBPA in
Fig. 6) [27c]. Dramatic progress was made by Diau, Yeh,
Zakeeruddin and Gritzel [27d], who employed a redox
couple of [Co(bpy),;]**/[Co(bpy),]** as a redox shuttle
(bpy = 2,2’-bipyridine), instead of frequently used I;/T.
As a result, YD2-0-C8 (Fig. 6) showed a PCE of 11.9%
at an incident intensity of AM1.5 solar light of 99.5 mW

Copyright © 2015 World Scientific Publishing Company

cm?. The best result was obtained by Griitzel [27¢], and is
discussed here in detail. Figure 7a shows the UV-vis/NIR
and fluorescence spectra of the dyes SM371 and SM315
in THF (Fig. 6). Both pigments feature red-shifted bands
in the Q-band region compared with normal porphyrin.
The absorption edge of SM315 reached 750 nm. The
authors conducted DFT calculations to elucidate the red-
shifted absorptions, and the frontier orbitals of SM315
are depicted in Fig. 7b. The HOMOs have a substantial
contribution from the diarylamino group, while the
4-(benzo[c][1,2,5]thiadiazol-4-yl)benzoic acid moiety
plays a chief role in the LUMOs. Thus, SM371 and
SM315 feature a fine D-m—A structure: It increased the
absorptivity at long wavelengths through charge transfer
transitions, and also afforded efficient charge injection.
The insertion of proquinoidal, electron-withdrawing
2,1,3-benzothiadiazole in SM315 efficiently provided
stronger D—A interaction than in SM371. In addition,
2,1,3-benzothiadiazole broadened the B-band, which
then filled the valley between the B and Q-bands, thereby
providing more efficient solar acquisition.

The introduction of bulky a diarylamino group and
long alkoxy chains in the pigments was expected to reduce
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Fig. 7. (a) UV-vis/NIR and fluorescence spectra of SM371 and
SM315 in THF. (b) Frontier orbitals of SM315 estimated by DFT
calculation (MO6/IEF-PCM/THF). Reproduced with permission
from [27e]. Copyright 2014, Nature Publishing Group

dye aggregation, which severely degrades the conversion
efficiency of a porphyrinic-DSSC system [27f, 28a]. The
dye loading on the mesoporous TiO, film was estimated
to be 8.35 x 107 mol.cm™ for SM315. If uniform coverage
without aggregation was realized, one SM315 molecule
occupied a TiO,-surface area of 1.98 nm?.

A DSSC cell employing SM315 or SM371,
chenodeoxycholic acid as a co-adsorbent, [Co(bpy);]**/
[Co(bpy);]** as a redox shuttle, and 0.1 M lithium
bis(trifluoromethanesulfonyl)imide and 0.5 M 4-fert-
butylpyridine in acetonitrile as an electrolyte solution
performed well (Fig. 8 and Table 1). Notably, SM315
achieved an outstanding PCE of 13.0%, which remains,
to the best of our knowledge, the best value reported for
any type of sensitizer.

Beside the experimental research, theoretical and
spectroscopic work has involved computational quantum
chemistry for better pigment design, quantification of
electron injection and charge recombination kinetics, and
elucidation of the electron-injection mechanism upon
photoexcitation.”® Lee proposed that the substitution of a
surface-anchoring group with stronger acceptors such as
3-(benzol[c][1,2,5]thiadiazol-4-yl)-2-cyanoacrylic  acid
could afford sensitizers better than YD2-0-C8 [28Db].
They would possess a broader absorption range up to
1100 nm due to their smaller HOMO-LUMO gaps. The
acceptor group would also lead to a greater contribution
to the LUMO, which would aid smooth electron injection
to the TiO, electrode.

The reaction center of the photosynthetic system
contains a characteristic chlorophyll or bacteriochlo-
rophyll dimer, known as the special pair, which undertakes
the initial charge separation in the photosynthesis [29].
The special pairs of some species have slipped cofacial
configurations with plane distances of approximately twice
the van der Waals radius of an aromatic carbon (~3.4 A)
[29a-29d]. Sakamoto fabricated a functional model for

Fig. 8. Photovoltaic performance of devices made with SM371 and SM315. (a) J-V curve under AM 1.5G illumination (1000 W.m?).
(b) Photocurrent action spectra for SM371 (red) and SM315 (black). Reproduced with permission from [27¢e]. Copyright 2014, Nature

Publishing Group

Copyright © 2015 World Scientific Publishing Company
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OMe

(a)

(b

Fig. 9. (a) Zinc(II) N,N-diarylaminoporphyrin dimer 9 and normal zinc(II) porphyrin dimer 10. UV-vis/NIR spectra of 9 and 10 in

dichloromethane [20]

the special pair employing N,N-diarylaminoporphyrin
(9, Fig. 9a) [20]. Compared with earlier structure models
based on normal porphyrin (e.g. 10 in Fig. 9a) [30], the
absorptivity at 450-700 nm was increased and extended
(Fig. 9b); this feature is more suitable as a special
pair functional model, because the natural pigments,
chlorophyll and bacteriochlorophyll, collect light with
long wavelengths (600-800 nm) more efficiently than does
normal porphyrin. Taking advantage of the stability of the
oxidized form of N,N-diarylaminoporphyrin, the authors
reported that there was charge delocalization between
the two porphyrin macrocycles in the cationic mixed-
valence state 9*: They also quantified the off-diagonal
coupling matrix element H, and the reorganization
energy (A = 192-483 cm™ and 4600 cm’', respectively).
Positive charge delocalization after charge separation
has been reported for the special pairs in natural systems
[31]; however, no such study has been devoted to their
structural models. Therefore, the special pair structural
model 9 could be a potential functional model.

CONCLUSION

This review summarized the progress made in
the past 15 years in the study of the chemistry of

Copyright © 2015 World Scientific Publishing Company

meso-N-arylamino- and N,N-diarylaminoporphyrinoids.
After an introductory note, Section 2 described the prepara-
tion procedures of these molecules via such as nucleophilic
addition of N-arylacetamido to octaethylporphyrin and
subsequent deacetylation, Buchwald—Hartwig amination
to meso-bromoporphyrin, SyAr reactions of meso-
nitroporphyrin and meso-halosubporphyrin, and oxidative
electrochemical polymerization of 5-(4-aminophenyl)
porphyrin. Oxidative ring-fusion of meso-N,N-diaryla-
minoporphyrin to realize better conjugation between the
porphyrin macrocycle and driarylamino group was also
described. Section 3 discussed the enriched photochemical
and electrochemical properties of meso-N-arylamino- and
N,N-diarylaminoporphyrinoids. Porphyrin and subporphyrin
often suffer from weak absorptivity at longer wavelengths,
but the introduction of arylamino and diarylamino groups is
shown to improve this drawback. N,N-diarylaminoporphyrin
is also noted to show good durability against oxidation. These
characteristics are of significant use in photo- and electro-
functional applications. Potential applications using meso-
N,N-diarylaminoporphyrin were examined in Section 4.
In combination with the push-pull D-m—A molecular
structures, meso-N,N-diarylaminoporphyrin-based  pig-
ments have performed very well in DSSCs, and have given
rise to the best observed conversion efficiency of 13%. A
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slipped cofacial meso-N,N-diarylaminoporphyrin dimer has
been demonstrated to be a structural and functional model
for the photosynthesis special pair; it collects solar radiation
well and shows good charge delocalization upon oxidation,
which is associated with the charge separation event.
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ABSTRACT: In this mini-review, we have highlighted our works on metal complexes having saddle-
distorted dodecaphenylporphyrin (DPP) and its derivative as ligands in the light of enhancement of the
Lewis acidity of a metal center coordinated by the porphyrin. The important point through this mini-
review is ill-overlap of the out-of-plane lone pairs of pyrrole nitrogen atoms with c-orbitals of the metal
center bound to the saddle-distorted porphyrin core. The enhanced Lewis acidity of the central metal
ions enabled us to construct stable molecular complexes through axial coordination using metal-DPP
(M(DPP)) moieties (M = Mo" or Sn') and molecular or ionic entities with Lewis-basic coordination
sites, including Keggin-type polyoxometallates (POM), which are known to have weak Lewis basicity
and thus hard to coordinate to metal ions. A discrete 1:2 complex with a Ru-substituted POM performs
catalytic substrate oxidation reactions in organic solvents. A 1:1 complex between Sn'(DPP) and a
Keggin-type POM exhibited photoinduced electron transfer, in which the Sn'(DPP) moiety acts as an
electron donor and the POM as an electron acceptor. Besides POM, other electron acceptors, including
U;-oxo trinuclear Ru™ clusters and anthraquinone, having carboxyl groups as a linker unit also formed
stable complexes with DPP-metal complexes as axial ligands to perform photoinduced electron transfer.
Successful photoreactions of the M(DPP)-acceptor complexes are mainly enabled by the enhanced
Lewis acidity of the DPP-metal complexes for the stabilization of the assemblies and also by lowering
the oxidation potential of the porphyrin ligand to gain larger driving force of electron transfer to form an
electron-transfer state with avoiding intersystem crossing. The stability and photochemical behavior are
in sharp contrast to those for metal complexes with planar porphyrins as ligands.

KEYWORDS: dodecaphenylporphyrin, saddle-type distortion, Lewis acidity, axial coordination,
polyoxometallates, photoinduced electron transfer.

INTRODUCTION of substituents at the periphery or insertion of size-
mismatched metal ions into the core can cause

conformational distortion of the porphyrin ring.
Among the various distortion types of the porphyrin
skeleton, distortion showing the alternatively tilting

Porphyrin molecules are generally considered to
be rigid and highly planar: However, the introduction

’SPP full member in good standing of the four pyrrole rings is classified to saddle-type
*Correspondence to: Takahiko Kojima, e-mail: kojima@chem.  distortion (Fig. la) [1]. Saddle-distorted porphyrins
tsukuba.ac.jp have been intensively investigated due to relevance
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MOLECULAR ASSEMBLIES BASED ON STRONG AXIAL COORDINATION IN METAL COMPLEXES

Fig. 1. (a) Schematic description of the distortion manner of saddle-type porphyrins relative to a planar conformation. (b) Schematic
description of the lone pairs of pyrrole nitrogen atoms lying out-of-plane directions

Ph  Ph Ph PR Ph Ph P Ph  Ph Ph
Ph Ph Ph Ph Ph Ph
Ph Ph Ph Ph Ph Ph
Ph Ph Ph h Ph Ph Ph
Ph Ph  Ph Ph Ph Ph Ph  Ph
Negative shift of Eq/» Strongly basic Strongly Lewis acidic
(@) (b) ©)

Fig. 2. Schematic description of characteristics of saddle-distorted porphyrins

of heme proteins [2], whose porphyrin rings mainly
exhibit the saddle distortion [3]. The most facile
method to obtain deeply saddle-distorted porphyrins
is introduction of eight substituents at the eight
B-positions of 5,10,15,20-tetraphenylporphyrin (TPP)
[4, 5]. Among the octa-f-substituted TPPs, 2,3,5,7.8,
10,12,13,15,17,18,20-dodecaphenylporphyrin (DPP) is
the representative and most intensively studied [6, 7].
Saddle-distortion of porphyrins causes various
characteristics of the porphyrin properties on the basis
of the out-of-plane lone pairs of pyrrole nitrogen atoms
(Fig. 1b). For example, negative shifts of the redox
potentials of the porphyrin ligands were observed for
metal complexes (Fig. 2a) [8], due to ill-overlap of
the lone-pair orbitals of the pyrrole nitrogen atoms
with empty o-orbitals of the metal center to reduce
the electron donation to the central metal ion, making
the porphyrin ring more electron-rich than the planar
counterpart. The negative shift of the redox potentials
of the porphyrin ring significantly affects the electron-
transfer rates [9] — the metal-DPP complex moiety
can act as a good electron donor due to lower oxidation
potentials than those of metal complexes with usual
planar porphyrins. In addition, the inner pyrrolic nitrogen
atoms turn to be highly basic by the saddle distortion
and the pK, was reported to reach over 13 (Fig. 2b) [10].

Copyright © 2015 World Scientific Publishing Company

The diprotonated saddle-distorted porphyrin (H,DPP*,
Fig. 2b) can strongly bind anions such as chloride ion
and carboxylate ions by the hydrogen bonding and we
utilized the hydrogen bonds to construct supramolecular
systems to observe photoinduced electron transfer
[11-13].

The saddle-distortion of a porphyrin ligand caused by
the peripheral substituents affords discrepancy between
the direction of the lone pairs of pyrrolic nitrogen atoms
and that of the oc-orbitals of the central metal ions
(Fig. 1b). As a result, the 6-donation from the pyrrolic
nitrogen to the central metal ions becomes weak, and
consequently, the Lewis acidity of the central metal ions
should be enhanced (Fig. 2c). By virtue of the enhanced
Lewis acidity of the central metal ions, various metal
complexes can be formed even with relatively weak
Lewis bases as axial ligands. In addition, photoinduced
electron transfer occurs from the DPP-metal complex
as an electron donor to the axially ligated electron
acceptor without the dissociation reaction due to the
strong binding. In this article, among various interesting
properties of saddle-distorted porphyrins, we focus on
the enhancement of the Lewis acidity of the central metal
ions due to the saddle-distortion toward construction
of unique discrete molecular assemblies based on the
strengthened axial coordination.
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Fig. 3. Crystal structures of 1-4-AP (a) 2-4-AP (b) and 3-4-AP (c)

Y Ph X
Y X R?
R2
Ph Ph + | \
o
N
X Y
X Ph Y R', R%: H or NH,
X=Y=H; ZnTPP (1)
X =Ph, Y = H; ZnOPP (2)
X=Y=Ph; ZnDPP (3)

Kassoc

Scheme. 1. Binding of pyridine derivatives to Zn(II)-porphyrins

Table 1. Binding constants (K,
derivatives [14]

550C.

) between Zn"(porphyrinato) complexes and pyridine

Zn"(porphyrinato) Ko M
Py 3-AP 4-AP
(1.1 £0.1) x 10* (1.8 £0.1) x 10* (9.2+0.4) x 10*
2 (1.4 £0.2) x 10* (3.2£0.5) x 10* (25+0.2) x 10°

(4.6 £0.2) x 10*

(1.1 £0.0) x 10°

(6.2£0.0) x 10°

ENHANCEMENT OF THE LEWIS
ACIDITY OF THE CENTRAL METAL
IONS WITH SADDLE-DISTORTED
COORDINATION ENVIRONMENT

In order to confirm the effect of the saddle-distortion
of porphyrin ligands on the Lewis acidity of the central
metal ions, spectroscopic titration has been performed
to the CH,Cl, solutions of the Zn" complexes of three
types of porphyrin ligands with pyridine derivatives to
observe the axial ligation (Scheme 1) [14]. Here, TPP,
2,3,5,10,12,13,15,20-octaphenylporphyrin  (OPP), and
DPP have been employed as the porphyrin ligands, and

Copyright © 2015 World Scientific Publishing Company

pyridine (py), 3-aminopyridine (3-AP), and 4-amino-
pyridine (4-AP) as the axial ligands. The mean deviations
of the core 24 atoms from the least-square plane, estimated
from the crystal structure of each the 4-AP-adduct
(Fig. 3), were 0.008 A for ZnTPP (1), 0.011 A for ZnOPP
(2), and 0.049 A for ZnDPP (3) [14]. Thus, the degree of
distortion of the porphyrin core is in the order of 1 ~ 2
< 3. Additionally, the central Zn" ions deviate from the
porphyrin plane to the direction of the axial ligand and
the displacements are calculated to be 0.364, 0.314, and
0.471 A for 1, 2 and 3, respectively.

The structures of the pyridine adducts of three kinds
of Zn"(porphyrinato) units were elucidated by "H NMR
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spectroscopy at low temperatures and the up-field shifts
of the '"H NMR signals for the pyridine derivatives
were observed due to the ring current effect of the
porphyrin ligands [14]. The association constants (K ,.)
between the three Zn" complexes and the three pyridine
derivatives are summarized in Table 1. The K, values
are in the order of 1 <2 <3 commonly for all of the three
axial ligands, and the ratio of the K, values is roughly
estimated as 1:2:3 = 1:2.1:5.9. The slight difference in
the K. values between 1 and 2 probably derives from
the electron-withdrawing effect of the B-phenyl groups
of the OPP ligand, because the planarity of the porphyrin
core is not altered significantly between 1 and 2. In
contrast, the larger K. values for 3 can be ascribed to
the enhanced Lewis acidity of the Zn" center caused by

the saddle distortion of the porphyrin core [15].

CONSTRUCTION OF DISCRETE
MOLECULAR ASSEMBLIES BASED
ON STRENGTHENED AXIAL
COORDINATION

Discrete 2:1 complex with Keggin-type
polyoxometallates: porphyrin hamburgers

Polyoxometallates (POMs) have attracted consider-
able attention for decades due to the interests in the
catalytic and optoelectronic applications [16, 17].
Although POMs generally bear large negative charges,
the Lewis basicity is not quite high [18], because the
negative charge is delocalized on the several oxo ligands
in the POM framework. Recently, we have applied the
enhanced Lewis acidity of the central metal ions bound

to DPP to construction of stable and discrete molecular
assemblies including POMs as axial ligands of the
M(DPP) complexes (vide infra).

A class of POMs, which can be depicted with the
general formula of [XW,0,]™ (X represents a hetero-
atom), are known as Keggin-type POMs. The Keggin-
type POMs have been used to construct nano-structured
ionic crystals for guest sorption, catalysts, and molecular
magnets [19]. Upon condensation of the [MoY(DPP)(O)
(H,0)I" (4) with [XW,0,]" X=P,n=3(5); X=Si,
n=4(6); X=B,n=>5(7) in an ethyl acetate/CH,CN
mixed solvent, crystals of discrete 2:1 complexes with
[MoY(DPP)(O)]* cation and [H,,XW,0,,]™ anions (X =
Pm=1,n=2@8);X=Si,m=2,n=2(9); X=B8B,
m =1, n =4 (10). For the case of the complex 10 with
[HBW ,0,0]*, the charge valance was completed by
including two TBA cations [20]. The structures of 2:1
complexes 8-10 were explicitly determined by the X-ray
diffraction analysis (Fig. 4). The discrete 2:1 complexes
composed of two of curved [MoY(DPP)(O)]* units and
one sandwiched Keggin-type POM have been named as
Porphyrin Hamburgers. The conformational distortion
of the DPP ligand in the Porphyrin Hamburgers has
been changed from the saddle-type distortion to the
ruffle one due to steric repulsion among the peripheral
phenyl groups and terminal oxo groups of POMs. In the
Porphyrin Hamburgers, the polyoxometallates coordinate
directly to the Mo" centers in the [Mo"(DPP)(O)]" units
through two of terminal oxo groups by replacing the aqua
ligand, where the strengthened Lewis acidity of the Mo"
center in the DPP coordination environment stabilizes
the complexation.

To confirm whether the 2:1 complexes maintain the
structures even in solution, MALDI-TOF-MS spectra of
the solutions in CH,Cl, were measured in the negative

Fig. 4. Crystal structures of Porphyrin Hamburgers: 8 (a), 9 (b), and the anion moiety of 10 (c). Gray, carbon; blue, nitrogen; red,
oxygen; green, molybdenum; pink, tungsten; orange, phosphorus; dark gray, silicon; light green, boron

Copyright © 2015 World Scientific Publishing Company
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Table 2. Redox potentials of the 2:1 complexes 8-10 in PhCN in the presence of 0.1 M TBAPF, at room

temperature [20b]

Compound E,,, Vvs. SCE
POM®/POM>  P*/P**  P**/P* POM*/POM* POM*/POM*  Mo'/Mo"™  P*/P*
-1.47 -1.12 -0.82 -0.31 +0.06 +1.29
-1.41 -1.04 -0.87 0.00 +1.26
10 -1.49¢ -1.49¢ -1.12 -0.10 +1.16
(TBA);-5 -1.04 -0.49
(TBA),-6 -1.51 -0.97
(TBA)s7 -1.52
4.ClO, -1.42 -1.03 +0.03 +1.28
_\ 3
_‘ 5
+ -——DMSO —— > =—DMSO
4
11
12

Fig. 5. Synthesis of the 2:1 complex 12. Gray, carbon; light blue, nitrogen; red, oxygen; green, molybdenum; blue, silicon; purple,
ruthenium. The tungsten atoms sit at the centers of yellow octagons consisting of oxygen atoms

mode. Peak clusters were observed at 5543.9 for 8 (calcd.
for [M — H]: 5544.55), 5542.1 for 9 (calcd. for [M — H]:
5542.00), and 5525.8 for 10 (calcd. for [M + H — 2TBA]:
5526.36). Additionally, the redox potentials of the
Porphyrin Hamburgers in PhCN exhibited slight shifts
relative to those of the components, i.e. 4 and POMs
used. These results also support the formation of the 2:1
complexes in solution (Table 2). For example, complex
9 exhibited five reversible redox waves at -1.41, -1.04,
-0.87,-0.00, and +1.26 V vs. SCE; the first and the second
waves are assignable to the reduction processes of the
DPP moieties (DPP*/DPP**- and DPP*/DPP*%), the third
is le” reduction of the [H,SiW,,0,]* moiety, the fourth
is derived from the Mo"/Mo" couple in the [Mo"(DPP)
(O)]" unit, and the last is due to the DPP>*/DPP* couple.
To compare the redox potentials of the components,
the reduction potentials of the DPP moieties in 9 were
negatively shifted by 50~90 mV relative to those of the
MoY(DPP) complex, whereas the first reduction potential
of the POM moiety was positively shifted by 100 mV

Copyright © 2015 World Scientific Publishing Company

in comparison with that of (TBA),-6. These shifts
indicate that the POM moieties donate the lone pairs to
the Mo¥(DPP) moieties to form the 2:1 complex, and
consequently, the POM moiety becomes electron-poor
and the MoY(DPP) moieties turns to be electron-rich [20].

Substrate oxidation with a Ru-substituted
polyoxometallate in the discrete 2:1 complex

Insertion of a transition metal into a lacunary-type POM
has been intensively studied due to interest for preparation
of efficient catalysts [21]. However, such POMs are
generally insoluble in organic solvents and thus they are
not usable for the reactions in organic solvents. Recently,
we have succeeded in the incorporation of a Ru-substituted
Keggin-type POM, [SiW,,0;,Ru™(DMSO)]* (Ru-POM,
11) [22], into the Porphyrin Hamburger structure to
generate (TBA);[{Mo(DPP)(0)},{SiW,,0;)Ru(DMSO)}]
(12) (Fig. 5) [23]. The condensation reaction of 4 and 11
was performed in a mixed solvent of CH,Cl,/CH,CN
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Fig. 6. (a) A Hammett plot for the pseudo-first-order rate constants of oxidations of benzyl alcohol derivatives by 12 as a catalyst
and PhIO in CDCL,. (b) Plot of logarithm of the pseudo-first-order rate constants of the catalytic oxidation of benzyl alcohols with
12 (kp) at room temperature vs. logarithm of the second-order rate constants of H-atom abstraction from benzyl alcohols by CumOO

(ko) at 183 K

and the MALDI-TOF-MS spectrum of the recrystallized
sample of 12 from the solution in a CH,Cl,/hexane mixed
solvent exhibited a peak cluster at 5444.7, ascribable to
the signal derived from [12 — DMSO - 3TBA + 2H'] ion
(calcd. 5444.30). In complex 12, the DMSO molecule is
still coordinated to the Ru™ center as evidenced by the IR
spectra showing a band at 1100 cm™ assignable to the S=O
stretching. In the EPR spectrum of 12 in CH,CI, at 5 K,
two signals were observed around g = 2.00; one of the two
exhibited an anisotropic splitting at g, = 2.297 and g, =
2.206 (g, signal was overlapped on the other signal and
thus not to be determined the g value), which is typical for
a Ru'™ (S = 1/2) species, and the other is isotopic signal
observed at g = 1.964, assignable to the Mo" ion (S = 1/2)
in the [Mo"(DPP)(O)]* moieties. The double integration
of each the EPR signal indicates the existence ratio of the
Ru" and MoV ions as 1:2.

Upon addition of iodosylbenzene (PhIO) to the
solution of 12 in CH,Cl,, EPR spectroscopy at 5 K
allowed us to observe that the signal assigned to the
Ru™ center completely disappeared and only the
signal derived from the Mo" centers remained. This
EPR spectral change suggests that the reaction of 12
with PhIO gives the corresponding Ru=0 (S = 1)
species (13), which should be EPR-silent. To explore
the reactivity of 13 in substrate oxidation reactions,
catalytic oxidation reactions of benzyl alcohol and the
derivatives were performed in CDCI, in the presence of
12 as the catalyst and PhIO as the sacrificial oxidant.
As a result, after stirring for 6 h, the '"H NMR signals
of the corresponding benzaldehyde were observed as
the sole product. In contrast, in the absence of 12 or
with using 4-Cl10, or (TBA);-11 as catalysts instead of
12, the signals assignable to benzaldehyde were not
observed and those of benzyl alcohol were intact. Thus,
the reactivity of the Ru-substituted POM in the substrate
oxidation in an organic solvent has been enhanced by

Copyright © 2015 World Scientific Publishing Company

strong binding of the cationic [MoY(DPP)(O)]" units to
the POM unit, as represented by large anodic shifts of
the redox potentials of the Ru center in the Ru-POM
unit [23].

The kinetics of the catalytic oxidation of the benzyl
alcohol derivatives in the presence of 12 as the catalyst
was investigated to gain a mechanistic insight into the
catalytic reaction. The pseudo-first-order rate constants
(k,,) exhibited saturation behaviors relative to the
concentration of the substrates, indicating that the pre-
equilibrium process may exist prior to the oxidation
reaction on the basis of the adduct formation between the
reactive Ru'V=0 species and the substrates. In addition,
the kinetic isotope effects on the oxidation reaction were
studied by using a benzyl alcohol derivative deuterated
at the benzyl position or at the hydroxyl groups at 293 K;;
consequently, the ratios of the pseudo-first-order rate
constants, keyo/kep, and koy/kop, were determined to be
10 and 1, respectively. The KIE values indicate that the
rate-determining step of the benzyl alcohol oxidation
involves H-atom abstraction from the benzylic C—H bond,
not from the O—H group. Interestingly, the reaction time
to consume a substrate to afford an oxidation product
became shorter with increasing electron-withdrawing
properties of the p-substituent of benzyl alcohol
derivative: The logarithm of the reaction rate constants
for the four substrates having different p-substituents
were plotted against the Hammet’s parameters (Fig. 6a)
[24] to obtain a linear correlation with the p value of 1.9.
In addition, the logarithm of the catalytic rate constants
(k,) of oxidation of benzyl alcohols by 12 and that of
the rate constants (k) for the corresponding oxidation
reactions using cumyl peroxyl radical as an oxidant
showed a good linear correlation (Fig. 6b), indicating
that the substituent effect on the oxidation reactions
results from that on the rate-determining H-atom
abstraction step [23].
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INTRAMOLECULAR PHOTOINDUCED
ELECTRON TRANSFER FROM A
SN"-DPP UNIT TO AN AXIALLY-
COORDINATED ELECTRON
ACCEPTOR

In this study, we utilized a Sn'(DPP) unit as an
electron donor in photoinduced electron transfer
and simultaneously as an anchor to hold an electron
acceptor with a coordinating functional group through
axial coordination. Comparing the crystal structure of
Sn"V(DPP)Cl, (14) [25] with that of Sn"™(TPP)Cl, (15) [26],
the bond length of Sn—Cl bond in 14 (2.391(3) A) exhibits
shortening relative to that of 15 (2.421(1) A) (Fig. 7).
This shortening indicates the increase of the Lewis
acidity of the central Sn' ion in the DPP coordination
environments relative to that in the TPP counterpart to
strengthen the axial binding toward the construction
of stable donor—acceptor assemblies. Furthermore,
upon performing electron transfer from the Sn'(DPP)
moiety to the axially ligated electron acceptor one, the
interaction between the le-oxidized Sn"V(DPP) moiety
and the le-reduced axial ligand should become stronger
than that in the ground state. This is also advantageous
for forming donor—acceptor complexes to perform
photoinduced electron transfer toward the emergence
of photofunctionality. Importantly, the assemblies can
form electron-transfer (ET) states at lower energy levels
than those of their triplet excited states, by virtue of the
lower first oxidation potential of the DPP ligand due to
the saddle-distorted conformation to make the porphyrin
ring electron-rich on the basis of the ill-overlap of the
pyrrole lone pairs with the 6-orbitals of the central metal
ions.

A discrete molecular ensemble composed of
Sn™Y(DPP) and a trinuclear ruthenium cluster

A Sn"™(DPP) complex having two of oxygen-
bound 4-pyridine carboxylate (PyCOOQO’) as axial

Fig. 7. Crystal structure of 14: top (a) and side views (b)

ligands (16) reacted with a trinuclear Ru™-oxo cluster,

[Ruy(115-0)(0,CPh)(py),(MeOH)I* (17) or [Ruy(15-O)
(0,CPh)¢(H,0)5]" (18), in a mixed solvent of CH,Cl,
and acetone to give molecular Sn"™(DPP)-(Ru'™,
cluster) assemblies, a 1:1 complex (dyad) and a 3:1
complex (tetrad) (19 and 20) as shown in Scheme 2
[25]. To clarify the structures of the complexes, the
"H NMR spectra of the le-reduced complexes were

N\
|
P
Ph., o L o-_Ph
o S ,OY o, Ph o 0T _ph
\R 1 ~R 1l
oo \/ T \go u /670/
;\7’<'°7{ﬂ L
L2 L2 L2 L2
o) o)
0. .0 OY\?O 0] \\?O
~ PhPh PhPh
o) <>=pprP
N
17: L' = MeOH, L2 = py 19: L' = Sn'V(DPP)(pyCOO) L2 =py
16 18: L' =2 =H,0 20: L' = L2 = Sn'"Y(DPP)(pyCOO)

Scheme 2. Complexation of a Sn'Y (DPP) complex with trinuclear Ru

Copyright © 2015 World Scientific Publishing Company
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measured in CDCl,;, because the trinuclear Ru™

cluster is paramagnetic but the le-reduced Ru"Ru™,
species shows diamagnetic character due to the strong
antiferromagnetic coupling between the two Ru™
centers [27]. The 'H NMR spectrum of le-reduced
mono-porphyrinic 19 in CDCl; indicated that 19
should be a 1:1 complex of Sn"™(DPP)(PyCOO), and
the trinuclear Ru cluster in the two-fold symmetry.
On the other hand, the complex 20 is composed of
three Sn™(DPP)(PyCOO), moieties and one trinuclear
Ru cluster in the three-fold symmetry, judging from
the '"H NMR spectrum of the le-reduced species.
The electrochemical studies on the complexes were
performed in PhCN at room temperature. The first
reversible reduction waves for the Ru™;-cluster moieties
were observed at +0.03 V vs. SCE for 19 and +0.11 V for
20. The Sn"(DPP) moieties showed the reversible first
oxidation waves at +1.06 V vs. SCE for 19 and +1.06 V
for 20, which were overlapped on the oxidation wave
of the Ru-cluster moieties. Therefore, the energy levels
of the ET states were calculated to be 1.03 and 0.95 eV
for 19 and 20, respectively, and those energy levels
were lower than those of the triplet excited states.

To elucidate the photodynamics of 19 and 20,
femtosecond transient absorption spectra were measured
in PhCN upon photoexcitation at 430 nm. The fast
decay of the singlet excited state was observed, due to
the occurrence of intramolecular photoinduced electron
transfer from the Sn"™(DPP) moiety to the Ru-cluster
moiety. In fact, an absorption band of 19 was observed
around 900 nm at 100 ps after laser flash photolysis,
which derived from the Sn™(DPP*) moiety, indicating the
formation of an ET state, a Sn"™(DPP*)-Ru"Ru™, species.
Analysis of decay of the absorbance at 850 nm for 19 gave
the rate constants of electron transfer and back electron
transfer as 8.6 x 10" and 3.3 x 10° !, respectively. On
the other hand, the rate constants of electron transfer and
back electron transfer for 20 were determined to be 8.6 X
10" and 3.3 x 10° s™!, respectively. The energy diagrams
for the photodynamics of 19 and 20 are schematically
summarized in Fig. 8. The rate constants of electron
transfer were analyzed on the basis of the Marcus theory
of electron transfer to indicate that all of the rate constants
fall in the Marcus inverted region. This should be due to
the small reorganization energy of electron transfer of
the molecular assemblies (A = 0.58 eV, V = 28.2 cm™)
[26]. Similar experiments were performed with a planar
Sn™-porphyrin, and then, the photoexcitation of the
corresponding 1:1 and 3:1 complexes with the Sn™(TPP)
and the Ru-cluster exhibited photodissociation to give
SnV(TPP)(OH), and the free Ru-cluster. Therefore,
the strengthened axial coordination bonds achieved by
the enhanced Lewis acidity of the central metal ions
binding to distorted porphyrins should be indispensable
to construct photostable donor—acceptor assemblies
for performing intramolecular photoinduced electron
transfer.

Copyright © 2015 World Scientific Publishing Company

Fig. 8. Energy diagram of the photodynamics of 19 and 20 in
PhCN. P denotes the dedecaphenylporphyrinate dianion and
Ru'™, does the Ru-trinuclear cluster

Construction of a DPP triad with axial
coordination to the Sn'V(DPP) moiety

Reaction of a Sn"(DPP) complex, Sn"V(DPP)(OH),
(21), with a mono-carboxylated DPP, H,TPP(3,5-
F,Ph),(COOH) (22) in toluene gave a porphyrin triad,
Sn™v(DPP){H,TPP(3,5-F,Ph),(CO0)}, (23), where the
carboxylate groups of 22 strongly coordinated to the
central Sn" ion of 21 (Scheme 3), via ligand substitution
together with releasing water molecules [28]. The
moieties of 22 in 23 can be easily protonated with
addition of trifluoroacetic acid (TFA) to afford Sn'V(DPP)
{H,TPP(3,5-F,Ph)4(CO0O)},(CF,CO0), (24), which
exhibited a characteristic red-shifted Q-band at 740 nm for
a diprotonated porphyrin. The electrochemical studies of
23 and 24 in PhCN indicated that the reduction potential
of the moieties of 22 was positively shifted from -0.97 V
vs. SCE for 23 to -0.27 V for 24 by protonation and the
oxidation potential of the [Sn"™(DPP)]** moiety was also
positively shifted from +0.63 V vs. SCE for 23t0+1.03 V
for 24. Therefore, the energy level of the ET state in 24
was determined to be 1.30 eV.

The photodynamics of 23 and 24 was investigated by
femtosecond laser flash photolysis in PhCN. The singlet
excited state of the [Sn'Y(DPP)]** moiety (1.85 eV) of 23
was formed at first by photoexcitation at 430 nm, and
then energy transfer occurred to the axially ligated 22 to
form the singlet excited state (1.63 eV). The analysis of
decay of the absorbance at 900 nm indicated that the rate
constant of the energy transfer (kgy) was 3.0 x 100 51,
In addition, the direct intersystem crossing (ISC) of the
singlet excited state to form the triplet excited state in
the [Sn'(DPP)]** moiety can be ignored, judging from
the slow ISC rate constant of 21 (kg = 1.2 x 103 s71).
The singlet excited state of the axially bound 22 decayed
to the triplet excited state with the rate constant (k)
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Scheme 3. Formation of a porphyrin triad through axial ligation to the Sn'" center

of 1.5 x 10° s’'. The nanosecond transient absorption
spectra indicated that the absorption bands assignable
to the triplet excited state of the [Sn™(DPP)]** moiety
disappeared within 10 s, suggesting that the energy
transfer should occur from the triplet excited state of the
moiety of 22 to that of the [Sn"(DPP)]** moiety. On the
other hand, femtosecond transient absorption spectra
of 24 in PhCN clearly exhibited the absorption bands
derived from the intramolecular ET state. The excitation
of 24 irradiated at 430 nm mainly afforded the singlet
excited state of the deprotonated moieties of 22 at first,
and at 30 ps after photolysis, the absorption bands with
the maxima at 540 and 1030 nm, which derives from
the le-reduced deprotonated moiety of 22 and the
le-oxidized [Sn"™(DPP)]** moiety formed by ET from
the [Sn"™(DPP)]** moiety to the diprotonated moieties
of 22, were observed. The rate constants of the electron
transfer and the back electron transfer were determined
to be 6.5 x 10" and 1.4 x 10" 57!, respectively, on the
basis of double-exponential fitting analysis of the
absorbance change at 540 nm. The absorption bands
showing similar spectral features to those of the ET state
were observed at 3 ns after photoexcitation. Based on the
absorption bands disappeared in the presence of oxygen,
the bands were assigned to the triplet ET state, which
exhibited the lifetime of 50 ps. To further confirm the
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formation of the triplet ET state, the EPR spectrum of
24 under photoirradiation at 4 K was measured; a clear
signal due to the triplet species was observed at g = 4.25
and g = 2.00, and on the basis of the zero-field splitting
parameter, D = 55 G, the distance between the two
unpaired electrons in the triplet state was determined to
be 8.0 A, which matches to the distance of the Sn' center
in the [Sn™(DPP)]** moiety and the closest meso-carbon
in the diprotonated moiety of 22. The photodynamics of
23 and 24 is schematically summarized in Fig. 9.

A Keggin-type polyoxometallates as an axially
bound electron acceptor for photoinduced
electron transfer

Arelated Sn™(DPP) complex, Sn(TMPP(Ph)g)(X), (X =
Cl (25) or OMe (26); Fig. 10), having four methoxy
groups at the p-positions of the meso-phenyl groups
of the DPP ligand, was used as an anchor to bind a
polyoxometallate anion as an electron acceptor [29]. To
compare the crystal structures of 25 and 26, the porphyrin
plane of 25 exhibited saddle-distortion, typical for DPP—
metal complexes, whereas that of 26 was in the wave-
distortion mode. The difference mainly derives from the
steric repulsion between the axial methoxy ligands and
the porphyrin mt-cloud. As a result of the steric repulsion,
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Fig. 9. Energy diagrams of the photodynamics of 23 (a) and 24 (b) in PhCN. P denotes the dedecaphenylporphyrinate dianion and

P’ does { TPP(3,5-F,Ph)y(CO0)}*

25 (X = Cl)
26 (X = OMe)

Fig. 10. Schematic description of nonplanar Sn'V-porphyrins,
[Sn(TMPP(Ph)5)Cl,] (25) and [Sn(TMPP(Ph)5)(OMe),] (26)

the methoxy ligands of 26 exhibit relatively facile
dissociation; on the basis of a van’t Hoff plot for the
dissociation equilibrium constants, the AH and AS values
for the equilibrium between the neutral and monocationic

species derived from the methoxo-ligand dissociation
were determined to be 2.7 kJ mol' and 30 J K*' mol’,
respectively.

The solution of 25 or 26 in PhCN was titrated by
adding the solution of (TBA);-5 in PhCN. The spectrum
of 25 did not show any change, whereas the Soret and
Q-bands of 26 exhibited clear red-shifts upon increasing
the concentration of § (Fig. 11). This difference in the
association behavior between 25 and 26 is probably
ascribed to the weak interaction of the methoxo ligand
in 27 due to the aforementioned steric repulsion. On
the basis of the MALDI-TOF-MS measurements, the
association complex between 5 and 26 was assigned to
the 1:1 complex (27). The association constant for the
formation of 27 was determined to be 7.4 x 10> M by
the curve-fitting of the absorbance change at 672 nm.
The electrochemical studies of 27 in PhCN revealed
that the first oxidation potential of the Sn"V(DPP) moiety
exhibited a negative shift by 50 mV relative to that of
26, whereas the reduction potential of the POM moiety

Fig. 11. UV-vis spectral titrations of (a) 25 and (b) 26 with POM, 5 in PhCN ([por] = 1.0 x 10 M). The spectrum changed from a

black solid line to a red solid line

Copyright © 2015 World Scientific Publishing Company
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Fig. 12. Energy diagram of the photodynamics of 27 in PhCN.
SnP denotes the Sn(TMPP(Ph),)(OMe) moiety and POM does
the [PW,,0,,]*" anion

showed a slight positive shift by 10 mV relative to that of
5. Therefore, the energy level of the intramolecular ET
state was determined to be 1.17 eV.

Femtosecond laser flash photolysis of 27 in PhCN
was performed to reveal the photodynamics. The
photoexcitation of 27 at 430 nm gave rise to absorption
bands assigned to the singlet excited state of the Sn"™(DPP)
moiety and exhibited the decay to the triplet excited state,
without showing the sign of the formation of the ET
state. However, comparing the rate constants of the ISC
processes (kigc) between 26 and 27, the acceleration of
the ISC process was recognized in 27; kigc = 1.3 x 10" ¢!
for 27 and 8.1 x 10° 5! for 26. This acceleration probably
derives from the heavy atom effect of the POM moiety.
On the other hand, the decay profile of the triplet excited
state of 27 was monitored with nanosecond transient
absorption spectroscopy and the decay rate constant of
the triplet excited state (k;) of 27 was determined to be
1.6 x 107 s”!, which was also larger than that of 26. The k;
values of 27 increased with increasing the concentration
of 5 in the solution and reached to the constant value. This
behavior can be analyzed by the ET reaction having a pre-
equilibrium process based on the complexation between 26
and 5 to form 27. As a result, the pre-equilibrium constant
(K) and the first-order rate constant (k) were determined
as 6.9 x 10> M"', which matches well to the association
constant obtained by the analysis of the spectral change,
and 1.0 x 107 s, respectively. The photodynamic of 27 is
schematically summarized in Fig. 12.

Intramolecular photoinduced electron transfer
in a 1:1 complex of AI"'(DPP) with an electron
acceptor

Axial coordination of an electron—acceptor entity
with a coordinating functional group to a Al"™(DPP)

Copyright © 2015 World Scientific Publishing Company

Fig. 13. Crystal structure of 29: top (a) and side views (b)

complex can be also used to construct donor—acceptor
dyads to perform photoinduced ET [30]. Condensation of
[AI™(DPP)(OH)] (28) with anthraquinone-2-carboxylic
acid (AqCOOH) in CHCl, gave a complex of [AI"(DPP)
(AqCOO)] (29). The structure of the complex was
revealed by 'H NMR spectroscopy, MALDI-TOF-MS
spectrometry, and single-crystal X-ray diffraction
analysis (Fig. 13). The photodynamics of 29 in PhCN
was investigated by femtosecond laser flash photolysis.
In the transient absorption spectrum of 29 at 3 ps after
photoexcitation at 455 nm, an absorption band derived
from the singlet excited state of the AI"™(DPP) moiety
was observed. The singlet excited state of 29 exhibited
very fast decay to the triplet excited state with the
decay rate constant of 2.5 x 10'° s!, in comparison to

J. Porphyrins Phthalocyanines 2015; 19: 42—-44
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Fig. 14. Energy diagram of the photodynamics of 29 in PhCN.
P denotes the dedecaphenyl-porphyrinate dianion and Aq does
the anthraquinone-2-carboxylate ligand

the decay rate constant of the singlet excited state of
AI™(DPP)(PhCOO) via intersystem crossing (kjge = 1.2 X
10° s). This acceleration suggests the occurrence of
the photoinduced ET, i.e. the singlet excited state of
the AI™(DPP) moiety was converted to an ET state of
(AI"(DPP*)-AqCOO*) and the ET state performed the
back electron transfer with a faster rate constant than
that of the forward electron transfer. On the basis of
the Marcus theory of ET, the rate constant of the back
electron transfer occurring in the aforementioned ET
state of 29 was calculated to be 2.0 x 10" s! to afford
the triplet excited state. The photodynamics of 29 is
summarized in Fig. 14.

SUMMARY

Here, we have overviewed our recent progress in
construction of stable molecular assemblies using metal
complexes with non-planar DPP and its derivatives under
the concept of the enhancement of Lewis acidity of a
metal center trapped in the porphyrin core. The enhanced
Lewis acidity of the central metal ions, which is gained
by ill-overlap of the out-of-plane lone pairs of pyrrole
nitrogen atoms with G-orbitals of the metal center, allows
us to attain strengthened axial coordination to stabilize
molecular assemblies with a variety of electron-accepting
entities bearing coordination sites. Concomitantly, the ill-
overlap of the out-of-plane lone pairs of pyrrole nitrogen
atoms renders the porphyrin ring electron-rich to attain
a lower oxidation potential of the porphyrin ligand,
facilitating intramolecular photoinduced ET process over
intersystem crossing.

Based on the concept mentioned above, for example,
we succeeded in construction of stable complexes
using M(DPP) moieties (M = Mo" or Sn") and
polyoxometallates, which are known to have weak Lewis

Copyright © 2015 World Scientific Publishing Company

basicity [18] and thus hard to coordinate to metal ions.
The discrete MoY(DPP)(O)-Ru-POM complex performs
catalytic substrate oxidation reactions in organic solvents
due to the elevation of the oxidation potential of the Ru
center as the active site. The Sn"(TMPP(Ph),)-POM
assembly exhibited photoinduced electron transfer, in
which the non-planar Sn™-porphyrin complex acts as
an electron donor and the axially bound POM ligand
accepts an electron from the Sn™-porphyrin unit. In
addition, besides POM, other electron-accepting entities,
such as |;-oxo trinuclear Ru clusters, diprotonated DPP
derivatives, and anthraquinone, having carboxylate
group as a binding site also form stable complexes
with M(DPP) complexes as axial ligands and perform
photoinduced ET reactions. Successful photoreactions
of the M(DPP)—acceptor complexes mainly result from
the enhanced Lewis acidity of the M(DPP) complexes. In
fact, the similar coordination complexes of a TPP-metal
complex and an electron acceptor with axial ligation
exhibited dissociation under light irradiation due to the
weak coordination bonds. The concept presented here
will provide a useful strategy to construct a number of
porphyrin-based photofunctional molecular assembles.
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ABSTRACT: This review summarizes research on the electrochemical and photochemical reduction
of CO, using a variety of iron and cobalt porphyrins, phthalocyanines and related complexes.
Metalloporphyrins and metallophthalocyanines are visible light absorbers with extremely large
extinction coefficients. However, yields of photochemically-generated active catalysts for CO, reduction
are typically low owing to the requirement of a second photoinduced electron. This requirement
is not relevant to the case of electrochemical CO, reduction. Recent progress on efficient and stable
electrochemical systems includes the use of FeTPP catalysts that have prepositioned phenyl OH groups
in their second coordination spheres. This has led to remarkable progress in carrying out coupled proton-
electron transfer reactions for CO, reduction. Such ground-breaking research has to be continued in
order to produce renewable fuels in an economically feasible manner.

KEYWORDS: CO, reduction, porphyrin, phthalocyanine, cobalt, iron.

L. INTRODUCTION

The global carbon cycle is a closed system with
all fossil fuels currently burned originating from
photosynthetic carbon dioxide fixation over millions
of years. An imbalance in the rates of consumption vs.
natural fixation with increasing human demand for energy
leads to two major concerns: the rising concentration of
atmospheric CO,, and the inevitable decline of extractable
fossil fuels. The problem of atmospheric concentrations
can be alleviated to some extent through CO, capture/
sequestration technology [1]; however, a conversion/
utilization or recycling scheme is perhaps more ideal since
the need for energy is also addressed. If the recycling
technology is ultimately powered by inexhaustible,
although intermittent, solar energy, CO, is then viewed as
aredox mediator in which diffuse solar energy is stored in
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the form of chemical bonds by its reduction and electrical
energy is obtained by oxidation of the reduced products.
The foremost challenge to CO, recycling is its
chemically inert nature. Direct electrochemical reduction
to CO,” (Equation 1) is highly unfavorable due in part
to the geometric rearrangement from linear to bent. This
difficulty is reflected by the standard potential of -1.90 V
vs. NHE [2]. Energy requirements for proton assisted
multi-electron reductions at pH 7 (Equations 2-6) are
substantially lower; however, catalysts are necessary to
mediate the microscopic steps involved in the multi-proton,
multi-electron reductions. Transition metal complexes
with a variety of accessible oxidations states (including
ligand-localized reductions) are well-suited for this task
and often provide product selectivity and tunable activity
[3-5]. Nevertheless, reduction beyond formic acid or CO
remains rare and further developments are needed.

CO,+e — CO,” E”=-1.90V (1)
CO, + 2H* + 2¢" — CO + H,0 E”=-053V (2)
CO, + 2H* + 2¢" — HCO,H E”=-061V (3)
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CO, + 4H" + 4 — HCHO E”=-048V (4
CO, +6H + 66— CH,OH+ H,0 E”=-038V (5
CO,+8H" +8 — CH,+H,0  E”=-024V (6)

The conversion and utilization of carbon dioxide is
an area of intense current research interest, and several
recent review articles [6—12] provide a broader scope and
overview than is possible in this minireview. We have
limited the scope of this review to articles pertaining to
catalytic CO, reduction using iron and cobalt porphyrins,
phthalocyanines, and related complexes (Chart 1). The
Fe and Co centers exist from the +3 to O oxidation
states while the macrocyclic ligand framework provides
chemical stability and storage of a reducing equivalent
and/or a proton. Characteristic electronic absorption
spectra provide a probe into oxidation states and
reaction kinetics, and mechanisms or structure-activity
relationships are deciphered through the large variability
in available ligands.

In this review, the papers discussed are separated
into heterogeneous and homogeneous catalysis. The
heterogeneous experiments employ complexes adsorbed
onto or covalently bound to electrode surfaces. This
technique can enhance efficiency by eliminating
diffusion and mass transport, which are inevitable in

RZ R>

R+

R1=R2 = CgHs MTPP
R1 = R2 = CgHa(4-SO5) MTPPS

R1 = R2 = CgHa(4-CO»’) MTCPP

R1 = R2 = CsH,(4-N*-CH3) M-pTMPyP
R1 = R2 = CsHa(3-N*-CH3) M-mTMPyP
R1 = R2 = CsHa(2-N*-CH3) M-0TMPyP
R1 = R2 = CgHa(4-OCH3) MTMeOPP
R1 = R2 = CgHg(2,6-Cl) MTCIPP

R1 = R2 = CgHa(2,6-OCHz) MTDMPP
R1 = R2 = CgHy(2,6-OH) MTDHPP

R1 = CgH3(2,6-OCHg) R2 = CgF5 MTDHPPF4

R1 = R2 = CgH»(2,4,6-CH3) MTMP

R1 = R2 = CgHs + 2H (chlorin) MTPC
R1=R2=H MPor

R1 = R2 = CgH4(4-NH,) MTAPP

R1 = R2 = CgH4(4-N*(CH3)) MTNMPP
R1 =R2 = C¢F5 MTPFPP

R1 = R2 = CgHy4(3-F) MT3FPP

R1 = R2 = CgHy4(3-CF3) MT3CF3PP
R1 = R2 = CgHy4(3-CH3) MT3CH3PP

solution electrocatalysis. Catalysis in media in which
the compound is poorly soluble (usually water) is then
possible. The surface modification should not impede
conductivity, block catalytic sites, or decrease catalyst
reactivity. Two common methods of surface confinement
are non-covalent adsorption and covalent anchoring to a
surface through axial ligands, usually through pyridine
or other monodentate ligands. The stability of an axial
pyridine linkage could be problematic considering the
known dissociative reactions of monodentate nitrogen
ligands from Co"TPP uponreductioninpolarsolvents [13].
Conversely, ligand based reductions of [Co(pTMPyP)]*
trigger the coordination of pyridine to the Co center
[14]. It is likely that high local concentrations of linker
ligands on the electrode along with complex insolubility
contribute to stabilization of catalysts covalently bound
to electrodes through axial ligands.

The discussion of homogeneous catalysis is separated
into purely electrochemical systems, in which cyclic
voltammetry (CV) and bulk electrolysis are the primary
analytical techniques, and photocatalysis, in which
photochemistry, radiolysis, and chemical reduction in
conjunction with visible spectroscopy identify species
that react with CO, and provide rate constants for relevant
reactions.

R Ro
AN N\
s
N \M/ N
\ VRN V/
N N
\ —
N
Rs R4
R4 R

R1=R2=H MPc

R1=HR2 =S8035 MTSPc
R1=R2=CN MPc(CN)g
R1=HR2="Bu MTBPc
R1=HR2=NH, MTAPc

R1 = R2 = CgHy4(4-SO37) MTPPS
R1=R2 =0OBu MPc(OBu)g
R1=R2 =Benzo MNc

R1=R2=H (2,3,7,8,12,13,17,18-CH,CH;) MOEP

Chart 1. Porphyrins and Phthalocyanines studied as CO, reduction catalysts
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In all examples, we include practical parameters such
as methods of electrode preparation and catalyst loading,
while we highlight issues of scientific merit including
Faradaic efficiency (FE), product distribution, turnovers,
and kinetics. One consistently controversial issue is the
nature of the active catalyst. This is especially problematic
for surface bound catalysts with low loading relative to
the electrode surface because of the inability to view
characteristic redox couples of the catalyst. Deposition
of metal colloids should always be considered, though in
many cases it is not even discussed despite the occasional
preparation of electrodes under harsh conditions (e.g.
high temperature and pressure). Chart 1 contains most
of the porphyrin and phthalocyanine ligands used for Fe
and Co catalyzed CO, reduction. The structures of a few
special cases will appear later.

II. HETEROGENEOUS CATALYSIS

A. Catalysts adsorbed onto electrodes

Non-covalent adsorption is the simplest method of
electrode modification. In this discussion, we use “dip
coated” to describe electrodes prepared by soaking in a
solution of the catalyst (usually in organic solvent) for a
given time followed by drying. “Drop coating” refers to
electrodes prepared by dropping a concentrated solution
onto the surface and evaporating the organic solvent. The
catalyst loading is usually easier to determine using the
drop coating method although integration of CV current
or dissolution followed by concentration determination
can be used in any case. Catalyst evaluation is most
easily performed by cyclic voltammetry (CV) in CO,-
saturated solvent and comparison to the current without
CO,. Relevant data are summarized in Table 1.

In early work in 1974, CoPc adsorbed on graphite
was studied in a CO,-saturated aqueous solution. The
voltammogram exhibited a peak at ca. -1.6 V vs. SCE,
which was about 200 mV more positive than the proton
reduction reaction under N, [15]. A control scan in 0.1 M
Na,CO; or NaHCO; solution showed no current in the
absence of CO, indicating that dissolved CO, is reduced.
When a quaternary ammonium salt was used for the
electrolyte under CO, (i.e. pH ~4.5), oxalate and glycolate
were detected by color reactions of thiobarbituric acid
and 2,7-dihydronaphthalene (Table 1 entry 1). No formate
was detected as a CO, reduction product in this early
paper. In contrast, an electrode prepared by precipitation
of CoPc onto glassy carbon produced formate with 60%
FE during continuous electrolysis at 1 mA.cm? for 72 h
with 10 pg.cm? loading (Table 1 entry 2) [16]. The
CV was stable for several cycles if the switching of the
potential remained positive of -1.55 V, otherwise activity
was reduced to that of bare carbon. In both cases (CoPc on
graphite or glassy carbon), the current was proportional
to [CO,] and v', consistent with a diffusion controlled

Copyright © 2015 World Scientific Publishing Company

process whereas the peak height of a redox couple
immobilized on an electrode should be proportional to v
(scanrate). On glassy carbon, the Tafel slope of ~120 mV/
decade indicated that transfer of the first electron to CO,
was the rate-limiting step.

Carbon monoxide was reported as yet another product
of electrocatalysis using CoPc. In this case, the catalyst
was adsorbed onto pyrolytic graphite or carbon cloth by
dip coating or drop coating from THF [17]. Electrolysis
experiments from -0.95 to -1.2 V vs. SCE (pH 5, citrate
buffer) produced CO and H, (1.5:1) with 55-65% FE for
CO and 3.7 x 10° turnovers (entry 3) at an overpotential
of 300 mV. Trace amounts of oxalate and formate were
detected. A control experiment with 3 mM Co(ClO,),
yielded only 0.14 turnovers of products implicating
the intact complex as the active catalyst. In solution,
the CoPc was unstable to prolonged electrolysis due to
hydrogenation of the Pc ligand, but deactivation was
minimized on the electrode surfaces. The mechanism
was investigated by CV experiments. First, binding of
CO, to the one-electron-reduced species, [CoPc], was
ruled out since there was no change in the first redox
couple under N, or CO,. Aqueous CVs under N, showed
two proton-coupled reductions, implying protonation
of [CoPc] followed by further reduction and reaction
with CO,. Additional support for this mechanism was
obtained in an in-sifu FTIR study during electroreduction
of CO, by CoPc-coated graphite electrodes [18]. The
results indicate that (1) the first reduction of CoPc occurs
on the Pc ligand to produce [Co™(Pc™)]; (2) the second
reduction produced [Co(H)(Pc*)]" via protonation of
[CO'(Pc*)]*; (3) neither free nor adsorbed CO on the
electrode were detected due to the relatively short-
term spectroelectrochemical experiments; and (4) CO,
reacted irreversibly with the doubly-reduced species
by formation of products. The surface properties were
related to electrode preparation as H, was generated from
a film prepared from THF but not from pyridine. The
assignment of the first reduction product as [Co™(Pc*)],
is controversial as seen below.

The activity and stability of a CoPc film on glassy
carbon was impacted by the method of preparation.
By using vacuum deposition with intermittent plasma
assistance, a uniform 40 nm film of CoPc on glassy carbon
was prepared [19]. The CV showed one major peak at ca.
-1.6 V vs. SSCE with stable current for multiple scans. In
contrast, a film produced by traditional vacuum deposition
showed two peaks which decreased after polarization at
-1.85 V. The reduction of CO, seems to be controlled by a
surface chemical reaction involving adsorbed H* and/or H
and carbon-containing surface intermediates, but products
of reduction were not determined.

Ligand effects were explored using CoPc(OBu)g or
CoPc¢(CN);. A film of CoPc(OBu)g (1.2 X 107'° mol.cm™?)
was prepared by drop casting onto a basal-plane pyrolytic
graphite electrode from DMF [20]. The first reduction
couple was observed at-0.58 V vs. Ag/AgCl but the second
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reduction was obscured by proton reduction. Interestingly,
assignments of the first and second reduction couples
are Co™ and a ligand reaction, respectively, which is
inconsistent with a previous report on CoPc [18]. At mild
potentials where H* reduction does not dominate the CV
response, the CoPc(OBu); modified electrode greatly
outperformed CoPc with turnover frequencies of 1.1 x 10°
h' vs. 5.5 x 10* h! for CO, reduction (entry 5). Spectral
changes during electrolysis of a homogeneous pyridine
solution showed stepwise Co™ and Pc” reduction
under N, while the doubly-reduced species could not be
detected under CO,. A mechanism was proposed in which
the doubly-reduced, protonated species reacts with CO,
and CO release is triggered by reduction of the putative
Co(I—COOH species. CoPc(CN); was active for CO,
reduction to CO at -1.20 V vs. Ag/AgCl at pH 10. In this
case the ratio of CO to H, was 10 whereas it was 4.2 for
CoPc(OBu); (pH 6.8) [21].

Gas diffusion electrodes (GDE) [22] impregnated with
CoPc were prepared by precipitation of CoPc onto carbon
black from sulfuric acid. Polytetrafluoroethylene (PTFE)
was added, and the paste was spread onto lead-plated
nickel gauze, cured at 300 C and compressed at 10° kPa
[23]. CO was the only carbon product of reduction (entry 6)
and its partial current density was independent of
applied potential; however, H, production increased with
increasingly negative potentials. Similar experiments with
Mn, Cu or Zn phthalocyanine produced varying amounts
of formate suggesting differing mechanisms dependent
on the metal ion. One trend is that Mn, Cu, and Zn Pc
are first reduced at the ligand while CoPc first undergoes
a Co™ reduction. The proposed mechanism entailed
reaction of CO, with Co(I) followed by protonation and
a second electron transfer in contrast to the mechanism
proposed above for CoPc(OBu) in which the doubly
reduced species is first protonated and then reacts with
CO,. Examination of GDEs with 17 different MPc showed
100% FE for CO with Co (entries 7 and 8) and Ni, while
others produced formate or methane [24]. FePc produced
CO but with low FE and decreasing activity for repetitive
experiments. Theoretical analysis based on the Hiickel
model suggested CO desorption occurs for metal ions
with a doubly occupied d_. orbital while further reduction
is possible if CO is 6-bound to the metal [25]. The effect of
CO, pressure was studied using GDEs impregnated with
CoTPP or FeTPP [26]. The reduction wave of Co™TPP
(>-1.0V vs. Ag/AgCl) was unobservable under Ar due to
low concentration of adsorbed CoTPP, but the catalytic
wave for H, production was observed. The effect of
pressure on catalytic potential was evidentina ca. 100 mV
positive shift for 20 atm CO, vs. 1 atm (Fig. 1).
The CVs of CoTPP supported GDE show the unusual
curvature toward the low-voltage especially under
high CO, pressure, however, the authors did not give a
clear explanation except that the waves were caused by
electrocatalytic reduction around the potential where
Co"TPP is reduced to Co'TPP (-0.8 V vs. Ag/AgCl in

Copyright © 2015 World Scientific Publishing Company

Fig. 1. Effect of CO, pressure on the cathodic CVs at a CoTPP
supported GDE: under Ar (small dash), atmospheric CO, (large
dash), and 20 atm CO, (solid line). The reference electrode was
Ag/AgCl and scan rate was 50 mV.s'. Reprinted from Ref. 26
with permission from Elsevier, Copyright 1999

DMSO or DMF). Faradaic efficiencies for CO were also
increased at a 100 mA.cm™ current density. For CoTPP,
the FE increased from 75% to 97% while for FeTPP
an increase from 42% to 75% was observed (entry 9).
Catalysis occurred near the M™" potentials in DMF, and
reactivity of the M(I) oxidation state was presumed.

Gas diffusion electrodes with CoTMPP, CoPc, or
Co(tBuPc) adsorbed on activated carbon fibers produced
CO with 70% FE (entry 10) in a KHCO; aqueous solution
under CO, [27]. The carbon fibers were loaded from
organic solutions of the catalysts, and the adsorption
limit for CoTPP was found to be 9 wt% of the catalyst on
the carbon fiber surface which is 16% of the theoretical
coverage. Loading was found to agree with the wetted
area suggesting the catalysts are absorbed up to a certain
depth upon which full pore width is occupied. Maximum
current densities for CO production were achieved from
-1.35 to -1.40 V vs. SCE. Current efficiencies for CO
production with cobalt catalysts adsorbed on activated
fibers, which have slit-shaped pores of ca. 2 nm width,
showed an inverse dependence on catalyst dimensions and
electrocatalytic performances as expected from the benefit
of the so-called nanospace effect. However, Co(tBuPc)
adsorbed on an activated carbon support, which has a
much wider distribution in pore size dimension, was more
effective with 85% FE for CO production.

An interesting application of CO, electroreduction by
CoPc-type catalysts is quantitative CO, analysis using
the rotating ring-disk electrode and N,N’,N”,N"’-tetra-
methyltetra-3,4-pyridoporphyrazinoCo(II) (Co(tmtppa))
on a Nafion® protected carbon disk (entry 11) [28]. The
film exhibited a Co™ couple at +0.25 V vs. SCE and two pH
dependent ligand based reductions near -0.25 and -0.7 V.
At potentials more negative than -1.0 V, proton reduction
began and obscured any surface redox processes. While
CO, reduction was assumed to occur after formation of
the doubly-reduced Co(I) Pc radical anion, the possible
involvement of a 3e” reduced species was considered.
CO was detected at the Pt ring by its oxidation at 0.4 V
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Co(tmtppa)

Fig. 2. Ring electrode cyclic voltammograms of a rotating ring (Pt)-disk (EPG/Co(tmtppa)/Nafion®) electrode recorded at a disk
potential of -1.1 V in a solution at pH 5.5 containing various concentrations of CO,: (a) 0.0 M; (b) 2.0 x 10 M; (c) 5.9 X 107 M; and
(d) 1.13 x 10> M. Supporting electrolyte Britton-Robinson buffer, continuous scan, ring potential scan rate 100 mV.s™, rotation rate
900 rpm. (e) Ring CO oxidation peak currents near 0.4 V as a function of CO, concentration. Reprinted from Ref. 28 with permission

from Elsevier, Copyright 1996

with current proportional to scan rate, implicating surface
oxidation of CO at Pt. A linear response was observed for
CO, concentrations ranging from 0.1 to 32 mM using a
disk potential of -1.08 V (Fig. 2).

A microbial electrolysis cell (MEC) driven by current
from a microbial fuel cell (MFC) [29] has been studied
for CO, reduction (Fig. 3) [30]. In an MEC, oxidation
of organic compounds provides protons and electrons
for cathodic reactions. The active composite cathode was
prepared by layer-by-layer dip coating of multiwalled
carbon nanotubes (MWCNT) and FeTPP on indium tin
oxide (ITO) or graphite. Scanning electron microscope
(SEM) images showed an even surface distribution of
the MWCNTSs with nano-sized clusters of CoTAPc, and
the presence of the catalyst was verified by electronic
absorption spectroscopy. The CV showed a CO, reduction
peak at -0.5 V with current proportional to the number of
adsorbed layers. The open circuit anode potential of the
MEC was -0.3 V implying only 0.2 V external input was
needed to drive CO, reduction. This input was generated
by a single MFC with a cathode potential of 0.275 V and
anode potential of -0.305V across a 1000 Q resistor. When
connected to the MEC in series with a 10  resistor, formic
acid was produced with 74% FE. A maximum FE of 78%
was achieved by controlling the anode potential to match
the peak potential by CV (entry 12). The rate of formate
production using the composite electrode was about
three times that observed in the absence of MWCNTs
and stable catalysis was measured for 10 consecutive

Copyright © 2015 World Scientific Publishing Company

Fig. 3. Schematic representation of a microbial electrolysis cell
(MEC) for CO, reduction using a MWCNT/CoTAPc cathode.
The device is driven by electrons transferred from a microbial
fuel cell (MFC). PEM = proton exchange membrane. Reprinted
with permission from Ref. 30, Copyright 2012 American
Chemical Society

4 h batches. For more negative potentials, side reactions
such as H, production competed with CO, reduction.
While the authors claimed that this self-driven device is
promising for CO, electrolysis since no external energy
is needed, MFCs are producing a large amount of CO,
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together with electrons and protons from the oxidation of
organic substrates (e.g. if sugar is used as a consumable
substrate, then C,H,,0,, + 13H,0 — 12CO, +
48H* + 48e¢’). Thus, while elegant in concept, practical
application in CO, reduction chemistry will require a
system which does not generate CO, as a byproduct.

In another example using MWCNTSs as support on
glassy carbon, adsorbed FeTPP showed higher activity
and lower overpotential relative to drop coated FeTPPCI
[31]. CO, was reduced to formic acid; however, the
additives methyl viologen (MV?*") as a redox mediator,
formic dehydrogenase (FDH), and nicotinamide adenine
dinucleotide (NADH) were required. The authors
attributed efficient electrocatalysis of CO, by FeTPPCI
adsorbed on MWCNT to (1) a decreased overpotential
for reducing CO, to formic acid due to the interaction
between MWCNTSs and FeTPPCI, and (2) the excellent
electrical conductivity of MWCNTSs improved the
electron transfer between CO, and the FeTPPCI active
site to increase formic acid formation. However,
the production of formate contrasts with the typical
production of CO using FeTPPCI. Since this system
requires MV*, FDH and NADH, FeTPPCI may not be
the active catalyst for formic acid production. It is known
that FDH can catalyze not only oxidation of formate to
CO,, but also a hydride transfer from NADH to CO,
to produce formate (not CO). Interestingly, reversible
interconversion of CO, and formate by an electroactive
FDH enzyme system with MV?* and NADH has been
achieved without any additional metal catalyst [32].

As pointed out above, the identity of surface adsorbed
active species is difficult to assess, especially at low
catalyst loadings. While the onset of catalytic behavior (by
CV) is often compared to solution data, it is possible that
the adsorbed catalyst exhibits different potentials and/or
substrate binding affinity. Indeed, the electronic structure
of MTPP changes upon surface adsorption [33-40]. On
Ag(111), X-ray photoelectron spectroscopy (XPS) showed
charge transfer from FeTPP and CoTPP due to interaction
with the surface (Fig. 4). A new valence state in the UV
photoelectron and scanning tunneling spectra (UV and
STS) showed covalent character between the MTPP and
the surface. This coordinative character was reversed by
axial coordination of NO corresponding to an increase in
the metal oxidation state. DFT data supported the mutual
interference of NO and Ag as axial ligands. The implication
for catalysis of CO, reduction using adsorbed species is
that electrode-catalyst surface interactions may increase
electron density at the catalyst metal center in such a way
that the transfer of a single electron may enhance substrate
binding or even trigger catalysis at lower overpotentials
compared to solution experiments.

B. Catalysts covalently grafted to electrodes

Amide linkages. There are several disadvantages
to simple non-covalent adsorption of catalysts onto

Copyright © 2015 World Scientific Publishing Company

Fig. 4. Reversibility of the changes in the electronic structure
induced by NO coordination: Co(2ps,) XP spectra of CoTPP
and (NO)CoTPP on Ag(111). (a) CoTPP monolayer, (b) (NO)
CoTPP monolayer, (c) after heating the (NO)CoTPP monolayer
to 500 K for thermal desorption of the NO ligand. Reprinted
with permission from Ref. 33, Copyright 2011 American
Chemical Society

electrode surfaces. Stability of the modified electrode
is a forefront concern while the impact of adsorption
on catalytic properties is difficult to predict. Structure-
activity relationships are difficult to surmise since
solution properties may not be conserved on a surface.
The following discussion summarizes experiments
using covalent linkage of the catalyst to the electrode.
These methods allow more direct translation of
solution properties to the surface, and often better
control of catalyst loading, film thickness, and local pH
environment. Relevant data are summarized in Table 2.

A CoTPP-pyridine complex immobilized on a glassy
carbon electrode (Fig. 5a) exhibited high electrocatalytic
activity and stability for CO, reduction [41]. The covalent
linkage of pyridine to glassy carbon through amide
bonds is achieved by oxidation of the carbon surface
with H,SO,, treatment with SOCI, and then 4-amino-
pyridine [41]. The presence of the amidine pyridine
linker was confirmed by the C=O stretch at 1665 cm™ and
pyridine C=C and C=N stretches at 1610 and 1537 cm™".
CoTPP was bound to the pyridine ligand in axial sites
from benzene and its coordination to pyridine on the
surface was confirmed by the matching of the Soret
band at 440 nm in the diffuse reflectance spectrum to
the visible spectrum of CoTPP in pyridine (Figs 5a and
5b). In water, the modified electrode showed catalytic
waves for H, and CO formation under He and CO,,
respectively, near the Co™ couple in pyridine (Fig. 5c¢).
Extended electrolysis at -1.2 V produced CO with
>50% FE and 10° turnovers (Table 2, entry 1). Under
optimized conditions (entry 2), CO was evolved with
92% FE, 300 mV overpotential, and over 107 turnovers
[42]. The surface coverage, assuming a monolayer,
was 1072 mol.cm™. In solution, formate was produced
with only 10% FE and rapid decomposition occurred
thus validating the surface confinement as a method to
stabilize the catalyst.

J. Porphyrins Phthalocyanines 2015; 19: 50-64



51

A REVIEW OF IRON AND COBALT PORPHYRINS, PHTHALOCYANINES AND RELATED COMPLEXES

0D amssaid Y31y , *ImyeIal| [eurso Yy woij [(Hod)oD] 10 [(9d)0oD—H] st seroads oy
Te[0 Jou ST 11 ‘sarvads [(,2d),0D] pareuojord e sueaw [HIJOD] QUM .«,OU.IM N 1°0 ‘[0€]y '$°s Hd 1opynq uosuiqoy-uonig ‘(8] *OOH N §°0 ‘[l *ODHM I §°0 ‘[9¢], '9'L Hd
apeuoqeolq W §°0 ‘[¥¢ls '¢ Hd awegins wntpos ‘[ez]; % HA ‘[0T], '$9'9 HA -*OOH/"OS®N N §°0 (611, 'S HA *1en10 W S0°0 “[LT], "£—¢ Hd 91wu0qes1q ‘[91], "OIDN"E N S0°0 [ST].

(1D3V/3V) §°0- — (8.) dyeurrog Toke| Aq 10ke] ‘asodwod 0/ INIMN ©dVLOD 1
("HDS) I'1- ACad)0D] — uoyeN pm pajoajord ‘osip Arydess uo jsed dig (eddyumyon 1
(#09) €'1- (0L) 0D pa1eod dip “19qy UOGIED PAIBATDY ddNLOD 01
(I1D3v/3V) 101~ w-[dd LAl (68) 0D WddIed
96°0- wlddL0D] (L6) 0D HALd PIM B[] UOGIED UO 9PONII[ UOTSIIP SBD) WddIOD 6
(HHND §'1- <[odad] (08) 0D HALd YA YIB[q UOQIED UO 9POIIS UOISIIIP LD Pdod 8
(HHN) SL'1- 03 1~ <[5doD] (00D 0D HALd WA YOr[q U0QIED UO SPOTNII3 UOISIIP SBD) d0D L
(rD H
("DS) §'1- <ACoad)0D] (001) 0D HALd YIM O[] UOGIED UO dPONII[ UOTSIIP SBD) PdoD 9
(1D3V/3V) ¢'1- [Hod0D] U601 X 1'T = AOL/TH~ “H/OD ayydess onkjoiAd urerd reseq uo JNQ woiy 1sed doiq Sgopdnd ¢
(ADSS) 9°'1- — — uoqJed Asse[3 uo uonisodop wnnoeA pajsisse Bwse[d »2doD %
(0g-$©) ‘H
(HOSS) ST°1- 1-[H2doD] 0T X L'€ = NOL/(09-GS) dreurio} uoqed £sse[3 uo JHJ, woiy 1sed doap 1o pareod diq % (o IS
(6) Tourpow
("ADS) ¥'1-01 T 1- — (09) 2rewnI0) uoqIed ASSe[3 Uo Iajem [Im PIoe dLINJ[ns wolj pajeidioald X () z
(HDS) 9°1- LCad)0D] 9JeWLIO} OU Jnq ‘pIoe JI[0JA[3 ‘pIOR JI[BXO0 auydei3 uo suozuaq woiy pajeod diq 2d0oD 1
A4 saroads onAkree) JOL o NO.L/(3) 1onpoid 9poNIJq xo[dwo)

SOPOI}OJ[ OJUO PAQIOSPE A[JUS[BAOD-UOU $)SATeIRd Suisn uononpal {0 oNA[eIed00n9[y I dqeL

J. Porphyrins Phthalocyanines 2015; 19: 51-64

Copyright © 2015 World Scientific Publishing Company



52

G.F. MANBECK AND E. FUJITA

Fig. 5. (a) Schematic of CoTPP linked to glassy carbon through a 4-amide pyridine ligand. (b) Diffuse reflectance UV-vis spectrum
of the CoTPP modified electrode (a), UV-vis spectrum of CoTPP (b) and CoTPP(pyridine) in CH,Cl, (c). (c) CV of the CoTPP
electrode in pH 6.86 phosphate buffer in the presence of CO, (a) or He (b) at room temperature. Scan rate 1 mV.s'. Reproduced from

Ref. 41 with permission from The Royal Society of Chemistry

The same immobilization technique was extended
to CoPc, CoNc, CoTMeOPP and hydrophobic vitamin
B12 [43]. Catalytic activity for H, evolution was
observed together with CO, reduction. An insightful
observation regarding the mechanism was made using
CV experiments: if the switching potential was negative
of proton reduction current under N,, the anodic return
sweep exhibited a wave with potential varying from -0.35
to -0.78 V among these complexes. This feature was not
observed if the switching potential was kept positive
of the H, evolution potential and also disappeared
for CVs under CO,. These observations suggest that
the anodic wave under N, is due to re-oxidation of a
H,-producing intermediate (i.e. a cobalt hydride), which
is also consumed by the reaction of CO, (and thus not
re-oxidized at the electrode). The oxidation peak was
thus assigned as oxidation of a Co hydride that reacts
with CO,. The authors proposed that the produced Co—
COOH species converts to Co(Il), CO, and H,O by
further addition of H" and an electron. According to the
CV data in DMSO, the complexes could be reduced by a
second electron. Therefore, the loss of the anodic feature
could be due to a preferential interaction of CO, with the
doubly-reduced species to produce CO. Furthermore, a
product of the reaction of M-H with CO, is normally
considered to be M—OCHO (i.e. a precursor of HCOO),
not M—COOH (a precursor of CO). During electrolysis

Copyright © 2015 World Scientific Publishing Company

under CO,, the CoNc and CoPc (with the most positive
potentials) exhibited the highest current densities (for
mainly H, production) while CoTPP showed the highest
current efficiency for CO (Table 2 entry 3).
Aminopyridine radicals. A second approach to
covalent linkage of a pyridine ligand to an electrode
as a tether for Fe and Co catalysts is electrooxidation
which triggers chemical bonding of the radical cation
to glassy carbon. The method was investigated with
4-aminopyridine, 4-aminoethylpyridine, and imidazole.
CoTPP was introduced from hot benzene/CH,Cl, [44].
The amount of immobilized ligand was estimated as 9 X
10" mol.cm™. The reductive CV in pH 6.8 phosphate
buffer exhibits the same anodic return wave discussed
above for amide-linked pyridine electrodes (Fig. 6).
Again, the feature is absent under CO, or for CoTPP
adsorbed directly on glassy carbon. The good agreement
found between the charge density of the anodic wave
and the surface loading of CoTPP (1.6 10® mol.
cm) obtained by ultrasonic dissolution suggested a le’
oxidation process for the anodic return wave. Notably
the ultrasonic dissolution measurements revealed the
presence of 100-fold more CoTPP than available ligand
sites suggesting that a monolayer of CoTPP was bound
through pyridine coordination and additional catalyst
was stacked upon the base layer of CoTPP. Heavy
rinsing with CH,CI, removed the stacked molecules as
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Fig. 6. Cyclic voltammograms at 50 mV.s" of CoTPP bonded to
glassy carbon in N, and CO, atmospheres in pH 6.8 phosphate
buffer. The bridging compound is 4-aminopyridine. Reprint
from Ref. 44 with permission from Elsevier, Copyright 1997

Fig. 7. Cyclic voltammograms at 5 mV.s' showing the response
of the supramolecular electrode toward the reduction of CO,
with and without illumination at different wavelengths. Reprint
from Ref. 46 with permission from Elsevier, Copyright 2009

shown by the absence of the anodic hump and increased
the efficiency for CO production during electrolysis.
Faradaic efficiencies of 39-59% were reported with the
remaining current reducing H* (entry 5).

The amino-pyridine methodology has been extended
to Co(benzoPor) (benzoPor = tetrabenzoporphyrin) with
no effort to remove the stacked molecules from the
pyridine-bound surface layer [45, 46]. Adsorbed
Co(benzoPor) was inactive for electrochemical CO,
reduction, but showed enhanced photoelectrochemical
current. The authors viewed the Co(benzoPor) excited
state as a source of reductive driving force and examined
the CVs during illumination of the Soret band at 420
nm and Q bands at 525 and 625 nm. Irradiation of the
electrode at 625 nm produced a significant positive
shift in the CV under CO, (Fig. 7). The same shift was
obtained using [Ru(bpy);]** as a sensitizer in solution for
420 and 525 nm. Product analysis was not reported.

Copyright © 2015 World Scientific Publishing Company

Polymerized ligands. A third approach to
electrode preparation involves formation of a film
by electropolymerization of monomers such as
4-vinylpyridine or pyrrole and drop casting CoPc onto
the film or casting a mixture of dissolved polymer and
catalyst directly onto the electrode [47-49]. A CoPc/PVP
(poly-4-vinylpyridine) film exhibited similar UV-vis
properties to those observed in pyridine suggesting a
surface Co-pyridine interaction. The sharp bands of
CoPc/PVP compared to the broadened features of a CoPc
solid layer imply homogeneous dispersion within the
film. A reactive surface coverage of 5.0 x 10> mol.cm™,
corresponding to a monolayer was determined. The Co™
couple was found to exhibit 1H*/le” pH dependence
below pH 5.3 from -0.62 to -0.38 V vs. SCE attributed to
protonation on the peripheral ring nitrogen. The ligand-
based reduction in the film was observed at -0.7 V at
pH 2.1 and showed a 75 mV/decade dependence on pH
attributed to a second protonation. The CV of the CoPc/
PVP electrode under CO, showed much larger catalytic
current than CoPc adsorbed on graphite under the same
conditions and CoPc/PVP produced more CO with
better selectivity. Since proton reduction was observed
concurrent with CO, reduction, the dependence on pH
and applied potential were investigated to improve
selectivity. Initially, the best CO/H, selectivity (~3)
was found at pH 6.8 with turnover numbers ca. 6 X 10°.
In this case, a mechanism involving reaction of
[CO'(PcH")]" (i.e. the doubly-reduced species with the
protonated Pc ligand) with CO, to form HOOC-CoPc
via a proton transfer reaction from the protonated ligand
was invoked. Later, the system was optimized with 1.2 x
10" mol.cm™ at pH 5 and -1.2 V vs. Ag/AgCl providing
CO/H, = 6 (entry 8) [48]. The pH-dependent behavior
was attributed to partial protonation of pyridine residues
surrounding the catalyst functioning as proton donors
and acceptors, possibly functioning via a concerted
proton transfer mechanism. A steady state concentration
of [Co'Pc]” was found by electronic spectra measured
during reduction under CO, confirming the reactivity of
[Co'(Pc™)]* (or [Co'(PcH")]) since the later species did
not accumulate during catalytic conditions in which it
reacts rapidly with CO.,.

An electrode prepared by electropolymerization of
pyrrole followed by drop casting a solution of CoPc from
THF (CoPc/PPy, PPy = polypyrrole) exhibited an onset
potential for CO, reduction 160 mV more positive than
a PPy film without catalyst [49]. SEM imaging showed
smooth surface coating of the PPy film and a crystalline
porous structure with cast CoPc. The CV under CO, in
MeCN/H,O exhibited catalysis at -0.18 V vs. Ag/AgCl,
and extended electrolysis produced formic acid with
~T72% Faradaic efficiency (entry 9) compared to 59% for
the PPy electrode. CO, reduction at such mild potentials
even without the catalyst is somewhat suspicious and
points to a major role of the PPy film even without
catalyst coating. Furthermore, production of formate
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in this system (vs. CO and H,) [47-49] illustrates that
a priori prediction of product distribution for a given
catalyst is not possible since electrode preparation and
catalytic conditions are clearly important elements in the
reduction of CO,.

Functionalized ligands. The fourth category for
preparing functionalized electrodes involves direct
electrode modification using specialized ligands
designed with functional groups for polymerization or
covalent reactions with electrode surfaces. In this regard,
Co Ni, and Fe complexes with aminophthalocyanines
(TAPc) were electropolymerized on glassy carbon [50].
CoTAPc produced formic acid while FeTAPc produced
formaldehyde and H,. No carbon products were detected
using the polymerized free ligand. Poorly defined peaks
were observed in the CV but the current discharge due to
CO, reduction occurred cathodic of the doubly-reduced
species, invoking injection of a third electron to trigger
catalysis. Electrolysis of the CoTAPc polymer at -1.0 V
yielded 7.9 x 10* turnovers of formate after 1.5 h. The
FeTAPc polymer was not stable and small amounts of
formaldehyde were detected. Electrochemical impedance
spectroscopy revealed important morphological differ-
ences among polymers with varied metal ions.

Recently, a Co tetrakis(4-aminophenyl)porphyrin
(TAPP) was electropolymerized on ITO and catalysis was
examined in the room temperature ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate (BMImBF,) [51].
The ionic liquid functions as solvent and electrolyte in this
experiment. The film was prepared by 50 anodic cycles in
DMF and any remaining NH, groups were electro-oxidized
in water. SEM showed a heterogeneous distribution due
to localized formation of oligomers. Stabilization in
BMImBEF, produced a more homogeneous surface due to
intercalation of ions in the surface. The absorption spectrum
of the film confirmed retention of the CoTAPP structure.
Under N,, a quasi-reversible Co™ couple was observed at
-0.75 V vs. Ag/AgCl. Under CO,, a current increase at the
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Fig. 8. (a) Cyclic voltammetry of the bare ITO electrode (dashed
line) and the ITO/Poly-CoTAPP modified electrode (solid
line) in BMImBF,; scan rate 100 mV.s'. (b) Electrochemical
behavior measured by linear sweep voltammetry at 5 mV.s™ of
the bare ITO electrode (dots) and the Poly-CoTAPP modified
electrode under N, (dashed line) and CO, (solid line) in
BMImBEF,. Inset: CO production over time. Reproduced from
Ref. 51 with permission from The Royal Society of Chemistry

Co™ couple prompted assignment of Co(I) as the active
species; however, the Co™ wave is visible in the catalytic
current suggesting further reduction accelerates catalysis
(Fig. 8). Electrolysis at -0.8 V produced CO with 65% FE
(entry 12). After 4 h, about 25% of the activity was lost (by
CV). Impedance spectroscopy suggested CO, inclusion
in the electric double layer decreases charge transfer
resistance due to deformation and loss of density. The
oxide acceptor for production of CO was not discussed.
Presumably CO, is the oxide acceptor since protons should
be scarce in the medium.

Fig. 9. Representation of covalent CoTPP modified boron-doped diamond electrodes [52]

Copyright © 2015 World Scientific Publishing Company
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Table 2. Electrocatalytic CO, reduction using catalysts covalently bound to electrodes

Complex Electrode Product (FE)/TON of TOF Catalytic species E,V
1 CoTPP 4-aminopyridine amide linked ~ CO (>50)/TON 10° [Co'(tpp)(py)] -1.2 (SCE)
to glassy carbon
2 CoTPP 4-aminopyridine amide linked ~ CO (92)/TON 10’ [Co'(tpp)(py)] -1.1 (SCE)
to glassy carbon
3  CoTPP 4-aminopyridine amide linked  CO (45) [Co'(tpp)(py)]” with H* -1.3 (SCE)
to glassy carbon and CO,
4  CoTPP Aminopyridine radical bound  CO (60) [H-Co(TPP)] -1.1 (SCE)
to glassy carbon
5 Co(benzoPor) 4-aminopyridine radical bound — -1.6 (Ag/AgCl)
to glassy carbon
6 CoPc Poly-4-vinylpyridine on CO (69) [Co'(PcH)]! -1.5 (SCE)
graphite H, (20)
TOF 6.12 x 10°
7 CoPc Poly-4-vinylpyridine on -1.2 (Ag/AgCl)
graphite
8 CoPc Neat coating on graphite CO/H,=6 [Co'(PcH)]" -1.2 (Ag/AgCl)
9 CoPc Polypyrrole on glassy carbon,  formate (72) [Co'Pc] with Hy pea -1 (Ag/AgCl)
Co drop cast from THF
10 CoTAPc Electropolymerized on glassy Formate/TOF 7.9 X 10*h"'  Further reduced species of -1 (Ag/AgCl)
carbon [CO'(TAPc™)]*
11 CoTPC(CC); Click reaction on modified CO/TOF 0.8 s™ -1.55 (Ag/AgCl)
boron-doped diamond
12 CoTAPP Electropolymerized on ITO CO (65)/TON 69 [Co'TAPP] -0.8 (Ag/AgCl)

Tonic liquid

1[41], phosphate pH 6.86. ®[42], phosphate, pH 6.0. ¢[43], phosphate pH 6.3. ¢[44], phosphate pH 6.8. ¢[46], phosphate pH 6.3-6.8.
[47], phosphate pH 6.8. £[48], phosphate pH 5. "[49], LiCLO,, CH,CN/H,O. '[50], NaClO,. /[51], BMImBF,. ¥[52], CH,CN,
Bu,NPF. '[Co'(PcH)] is the doubly reduced and the protonated ligand species formed from [Co"(Pc)].

Co porphyrin has been attached to boron-doped
diamond electrodes through triazolyl linkages (Fig. 9)
[52]. Following functionalization of the diamond surface
with alkyl azides, the 4-phenyl acetylene functionalized
CoTPP(CC); was attached via Cu-catalyzed cyclo-
addition. Its presence was verified by a decrease in azide
IR signatures and observation of the Co(2p) region by
X-ray photoelectron spectroscopy. The surface coverage
was 3.8 x 10" Co cm™. Electrocatalytic CO, reduction
in acetonitrile was stable for >1000 cycles at -1.8 V with
an estimated turnover frequency of 0.8 s'. The doubly
reduced species was suggested as the active catalyst and
CO was the only product detected.

III. HOMOGENEOUS CATALYSIS

A. Electrochemical CO, reduction

The reduction of CO, by water soluble tetrasulfonated
CoPc (CoTScPc) at an amalgamated Pt plate electrode
was carried out as early as 1977 [53]. Catalytic current
was observed around -1.3 V vs. SCE but the current

Copyright © 2015 World Scientific Publishing Company

depended on the initial potential and holding time,
suggesting varied adsorption onto the electrode. Under
similar conditions, CoTPPS reduced CO, to formate at
-1.3 V while the Fe complex was not active [54].

A cofacial dinuclear metalloporphrin CoTPPS//
Co-pTMPyP (Fig. 10) prepared by self-assembly of
the cationic and anionic porphyrins is catalytically
active in aqueous DMSO at -1.8 V vs. Ag/Ag* [55].
The equilibrium constant for formation of the dinuclear
structure was estimated as 10° M in aqueous DMSO.
The CV is essentially the sum of CVs for each individual
complex and CO, reduction was attributed to Co(I) of
Co-pTMPyP although the exact oxidation state at this
stage was difficult to determine due to the presence of
several ligand-based reductions. Based on the CVs, the
CoTPPS functioned only as an “electron mediator,” a
term which the authors previously used to describe it
as a redox-active electron donor to accelerate electron
transfer to the catalytic metal [56]. In this case the metal
ion identity of the mediator component was not essential,
and similar catalytic results were achieved with CuTPPs.

Co porphyrins with phenylazomethine dendrimers
catalyze CO, reduction in DMF assisted by lanthanide
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CoTPPS

Co-pTMPyP

Fig. 10. Cofacial dinuclear porphyrin complex prepared by self-assembly [55]

ions as strong Lewis acids [57]. Under N,, the CV
showed characteristic Co™" waves near -1.3 V vs. Fc*°,
and a catalytic current was triggered at this wave under
CO,. Comparison among different generations revealed a
maximum efficiency for the third generation dendrimer
and a decrease in activity of the fourth generation
structure attributed to steric effects. A non-symmetric
third generation dendrimer showed the greatest current
attributed to accessibility of the Co center to CO, while
maintaining the function of the dendrimer such as binding
sites for Ln*". No product analysis was reported.

Iron tetraphenylporphyrins have received considerable
attention as homogeneous electrocatalysts for reduction
of CO, to CO in DMF due in part to product selectivity,
stability, and impressive rates. Early experiments revealed
catalysis and the product CO as indicated by the Fe!
(CO) wave on the return scan [58] while advancement
in the system understanding is revealed by recent
experiments showcasing the concerted nature of electron
transfer, proton transfer, and C—O bond cleavage [59].
The FeTPP exhibits clear Fe"™", Fe'”!, and Fe® couples
(Fig. 11), the last of which (at -1.64 V vs. SCE) develops
a catalytic current under CO,. The active catalyst is
best described using the Fe(0)TPP resonance structure
in agreement with experimental reactivity and Raman
spectroscopy [60-62]. In dry solvent, CO, is proposed
as the oxide acceptor thereby generating CO} and few
catalytic turnovers are achieved due to destruction of
the TPP ligand by carboxylation. The rate of catalysis
and durability were enhanced by the addition of Mg,
Na*, Li*, Ba*, or AI’* ions, although Mg>* was the most
effective [63]. Two mechanisms were proposed to explain
the temperature-dependent cyclic voltammograms. At
-40°C the carbene type complex, [Fe"(TPP)(CO3)]*,
formed via the reaction of Fe(0) with CO, reacts first with
another carbon dioxide molecule. Decomposition of this
species into Fe"(TPP)CO and carbonate is accelerated
by a Lewis acid. At room temperature, Mg>* reacts
directly with [Fe"(TPP)(CO?%)]*. For monovalent Lewis
acids, the catalysis is second order in [CO,] and [M*],
suggesting a mechanism in which [Fe"(TPP)(CO3)]*
reacts with CO, and the intermediate is stabilized in
two separate steps by Li*. This species decomposes to
Fe'(TPP)CO and Li,CO, [64]. Deviation of the catalytic

Copyright © 2015 World Scientific Publishing Company

wave from S-shape was explained by precipitation of
carbonates on the electrode.

A major breakthrough in FeTPP catalysis was
realized by the addition of weak Bronsted acids such as
CF,CH,OH [65]. In DMF containing 0.1 M Et,NCIO, at
a hanging mercury drop electrode, the ratio of catalytic
current (i) to the Fe' current in the absence of CO, (i,)
was only 1.8 but reached 131 with 1.47 M CF,CH,OH.
The FE for CO production was 94% whereas it was only
70% with Lewis acid additives. In preparative scale
experiments, current is limited by cell geometry, not the
rate of catalysis. About 75% of the catalyst remained
intact after passage of 225 C during bulk electrolysis. The
scope of acid synergy was expanded to 2-pyrrolidone,
1-propanol, and mixtures of water in 1-propanol (Fig. 12)
[66]. It was found that selectivity for CO and stability
both increased as the acid becomes more acidic although
FeTPP will catalyze proton reduction if stronger acids
(pK, < ~9) are added. Kinetic analysis revealed first-order
dependence on [CO,] and second-order dependence on
[CF;CH,OH], at least in the low concentration region
where the voltammetric response exhibits the S-shape
characteristic of large substrate excess which remains
unchanged from the bulk concentration (Fig. 13). At
higher concentrations, the appearance of a peak-shaped
wave was attributed to self-inhibition by the CO product
through adsorption on the Hg thus inactivating portions
of the electrode. In agreement with theory is the scan-
rate dependence in which the peak shape becomes less
pronounced at higher sweep rates. Notably, the turnover
number in preparative scale electrolysis is significantly
less than that calculated from voltammetry, suggesting
the interference of ohmic drop in bulk experiments.

The catalytic response of FeTPP in the presence of
water, phenol, trifluoroethanol, and acetic acid was further
analyzed to reveal an intimate detail of the catalytic
mechanism, namely, the concerted C-O cleavage with
electron and proton transfer as the rate determining step
[67]. There is a pK, dependence on the rate determining
step and stepwise proton/electron transfer was ruled out
assuming protonation of a CO, radical anion should be
near the diffusion limit regardless of pK,.

Further remarkable advancement of FeTPP electro-
catalysis in DMF was achieved by introduction of phenol
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Fig. 11. Cyclic voltammetry of FeTPP (1 mM) in DMF at a
glassy carbon electrode. Scan rate = 100 mV.s™'. Reprinted with
permission from Ref. 66, Copyright 1996 American Chemical
Society

Fig. 12. Cyclic voltammetry of FeTPP (0.5 mM) in DMF under
1 atm CO, in the presence of 0.51 M 2-pyrrolidone (a), 6.66 M
1-propanol (b), and 1.47 M CF,CH,OH (c) at Hg, scan rate
100 mV.s'. Reprinted with permission from Ref. 66, Copyright
1996 American Chemical Society

groups in ortho positions of the TPP phenyl groups
(TDHPP) to speed up CO, reduction by providing a pre-
positioned proton source for the 2e/2H* conversion of
CO, to CO [68]. Comparison of the catalytic rate constant
(k. = 2k[CO,]) of 1.6 x 10° s for FeTDHPP with that
for FeTPP with external 3 M phenol (3.2 x 10* s)
suggested the proximal proton source in FeTDHPP is
equivalent to 150 M phenol. The authors describe that
the exact mechanism of the phenol influence in CO,
reduction is not known, however, it is likely to be a push—
pull type interaction between a proton and an electron as
previously proposed for other acids [66]. Electrolysis at
-1.16 V (well below the Fe" couple at -1.33 V) produced
CO with 90% FE and 0.31 mA.cm? with 50 million
turnovers over 4 h of electrolysis. Comparison to the

Copyright © 2015 World Scientific Publishing Company

Fig. 13. Cyclic voltammetry of the reduction of CO, (1 atm) in
DMEF catalyzed by 1 mM FeTPP with varied concentrations of
CF;CH,OH. Scan rate 100 mV.s™. Reprinted with permission
from Ref. 66, Copyright 1996 American Chemical Society

methylated catalyst FeTDMPP, which was less active,
further supported the involvement of internal protons in
the catalysis.

A related catalyst with prepositioned phenol groups
and perfluorination of the remaining phenyl groups
(FeTDHPPF,,) is more active than FeTDHPP while
its Fe* couple is less negative [59]. In this case, the
catalytic response is preceded by a one-electron
wave indicating that the “Fe(0)-CO,” adduct is
stabilized by phenolic hydrogen bonding that is also
confirmed with DFT calculations. However, injection
of a third electron is required to commence catalysis.
The rate constants for CO, adduct formation were
estimated as >5 x 10° M'.s™ and 3 x 10° M'\.s! for
FeTDHPP and FeTDHPPF,,, respectively, from the
scan-rate dependent behavior of the pre-wave. Since
the adduct is protonated by internal phenolic groups,
the potential for the second electron transfer is only
slightly cathodic of the Fe" couple. It was suggested
that concerted re-protonation of internal OH groups
by phenol with electron transfer, proton transfer, and
C-0 bond cleavage is also possible. The remarkable
roles of the prepositioned phenol groups resemble the
2nd coordination-sphere effect previously found for
interconversion of H*/H, and CO,/HCOO" using other
molecular metal catalysts [69-71].
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B. Photochemical CO, reduction

Photochemical experiments are useful probes for
studying Fe and Co porphyrins, phthalocyanines,
corroles, and corrins and their reactions with CO, since the
absorption spectra of each oxidation state exhibit distinct
features which are readily monitored. Additionally, pulse
radiolysis with a short electron pulse is used to determine
reaction kinetics by monitoring differential absorption
spectra. Photocatalytic CO, reduction is possible if the
photo-produced species reacts with CO,, releases product,
and re-enters the catalytic cycle. Pertinent photochemical
systems for CO, reduction are summarized in Table 3 and
relevant equations are collected in Table 4.

First, iron porphyrins are considered [72]. Photolysis
of CIFe™TPP with 325 nm < A < 385 nm in DMF
containing 5% triethylamine (Et;N) as an electron donor
yielded Fe"TPP through electron transfer with a quantum
efficiency of ca. 0.05 (Scheme 1).

Continued photolysis generated [Fe'TPP]" with low
efficiency suggesting weaker interaction with Et;N.
The reaction was not quantitative and peaks due to
hydrogenation products were observed. Under CO,,
the reduced [Fe'TPP]" was converted to the Fe(II)-CO
complex, which releases CO upon photolysis [73].
Throughout extended photolysis (>150 h) CO was
quantified by gas chromatography and the overall
turnover number reached ~70 [72]. During photolysis,
the chlorin was observed as a green solution which
remained catalytically active. CO production ceased
when the solution turned yellow indicating destruction
of the ligand. Decomposition was slowed at lower
concentrations since its primary path is presumed to be
the reaction of [Fe®TPP]* with other porphyrin species.

Radiolytic reduction of various water soluble Fe
porphyrins (FePor) also produced the Fe(I) complexes
(Scheme 2) with small amounts of the phlorin anion and
chlorin. In alkaline solution, the Fe(I) porphyrins are

Scheme 1. Photochemical reduction of Fe'"TPP

Scheme 2. Radiolytic reduction of water-soluble Fe porphyrins
showing the formal Fe-oxidation states, but ignoring the total
charges due to complication of the peripheral charges

Copyright © 2015 World Scientific Publishing Company

stable for many hours but decay more rapidly at lower pH.
Pulse radiolysis of Fe(Il) porphyrins was used to analyze
short-lived species in aqueous solution. Bleaching of the
Soret band along with formation of absorptions below
520 nm and 600-840 nm indicated formation of Fe(I)
Por as the first product. Interestingly, the Fe(I) complex
of oTMPyP (see Chart 1) exhibits complicated decay
behavior attributed to varied reactivity among the four
atropisomers of the ligand. The decay obeyed a second-
order rate law with k = (1.5 + 0.5) x 10® M''.s™! for the
first step. Results are explained by a disproportionation
reaction of Fe(I)Por to produce Fe(Il)Por and Fe(0)Por.
The Fe(0)Por reacts with water, protons, or CO, to
produce intermediates which are protonated to yield H,
or CO, and the Fe(0) state is implicated as the reactive
species in photolysis experiments.

Photochemical and radiolytic studies of Co porphyrins
were undertaken to characterize reduced species and
examine their reactions with CO, [74]. In aqueous
solution, radiolytic reductions of Co(IIl) to Co(II) and
then to Co(I) were quantitative reactions yielding a
stable Co(I) product at high pH. Pulse radiolysis of the
Co(I) solution showed bleaching of the Co(I) absorption
at 550 nm and broad absorptions from 640-800 nm,
different from spectra of m-radical anions of Zn, Al and
Sn [75-77] suggesting the product is Co(0) formed by
reaction of Co(I) with e,,” (Table 4, Equation 7). A slower
reaction of Co(I)-mTMPyP with CO,* (k~5x 10°M".s™)
yielded a spectrum with features different from the
Co(0) species suggestive of adduct formation followed
by decomposition to CO and Co(II). Cyclic voltammetry
in butyronitrile showed catalytic current under CO, upon
reduction to Co(0) [74, 78]. The reaction is first order in
[catalyst] and [CO,]. Since the Co(0) species are short-
lived in water, sodium reduction was undertaken under
static vacuum using dry THF. Smooth reduction to Co(I)
and Co(0) was observed. While Co(I) did not react with
CO,, the Co(0) solution quickly produced the spectrum
of Co(I) upon introduction of CO, and gradually changed
to the spectrum of Co(Il). Since the reaction of CO, with
Co(0) should release CO and Co(Il), the persistence of
a Co(I) spectrum is attributed to comproportionation of
Co(II) with Co(0). Photochemical reduction with Et;N
produced Co(II) and Co(I) while continued photolysis
under CO, yielded CO with >300 turnovers.

Inefficient reduction to the reactive species of
[Co°TPP]* or [Fe"TPP]* using Et;N is a major limitation
of photochemical reduction with the Co and Fe porphyrins
discussed above. Two drawbacks are weak interactions of
Et;N with the Co or Fe centers and highly negative M"
reduction potentials. Photochemical reduction efficiency
was improved using p-terphenyl (TP) as a sensitizer [79].
The TP excited state is quenched by Et;N to produce
the TP* radical anion with a -2.45 V vs. SCE reduction
potential which is sufficiently negative to produce Fe(0)
and Co(0) [80]. Production of CO during photolysis was
six times greater and ten times faster than in the absence
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of TP (Fig. 14) indicating efficient reactions of Co(II) and
Co(I) with TP*. These reactions (Table 4, Equations 11
and 12) were nearly diffusion controlled as measured by
pulse radiolysis. Control experiments in the absence of
porphyrin produced formate from the reaction of TP* with
CO,; however the rate of formate production at early times
was low with porphyrin and reached the same concentration
at later times. Accumulation of CO was found to limit
catalysis and experiments with larger headspace produced
more CO and for longer times. Catalysis resumed if CO
was purged from the system and slowed if CO was initially
introduced. Fe™T3CF;PPCl was reduced by Na under
static vacuum in THF to the Fe(0) state. CO does not
bind to Fe(0) but binds to Fe(Il) and Fe(I) in a reversible
equilibrium. The spectrum of Fe"CO was also obtained by
the reaction of CO, with Fe(0). No reactions of CO with
Co(II), Co(I), or Co(0) were observed.

Since hydrogenation of porphyrin rings during
photochemical experiments is a degradation pathway,
Co corrins (B,,) (Chart 2) with fewer double bonds, were
examined as photocatalysts for CO, reduction using TP
as a sensitizer and Et;N as the sacrificial reductant [81].
Similar to Co porphyrins, reduction to the Co(0) state
was necessary and CO, formate, and H, were produced
at higher rates than CoTPP in parallel experiments.
Pulse radiolysis of Co(I) showed rapid decay of e,,” and
a slower reaction of CO,* with Co(I) to form an adduct.
Transient Co(0) reacts with water to form the hydride but
decay of this species could not be observed separately.

Photochemical and radiolytic techniques were also
used to characterize the reduced species of Fe and Co
phthalocyanines together with their tetra(tert-butyl)- and
tetrasulfonated derivatives (Chart 1), and to determine
reactivity toward CO, [82]. Radiolytic reduction of the
Co(II) complex with TSPc produced the corresponding
Co(I) (mixture of monomers and dimers) in quantitative
yield. Likewise, the Fe(I) complex with TSPc was

HO

X = CN, cyanocobalamin
X = OH, hydroxocobalamin

Fig. 14. Photochemical production of CO in CO,-saturated
acetonitrile containing 5% Et;N: (a) 1 x 10° M Co"TPP with
no TP; (b) with 3 X 10° M TP and various concentrations of
Co"T3FPP: 9 x 10° M (solid circles), 2.4 X 10°° M (open circles),
and 7 x 10° M (open triangles). The yield of CO refers to the total
amount per unit volume of solution. Reprinted with permission
from Ref. 79, Copyright 1999 American Chemical Society

cobinamide

Chart 2. Co corrins studied for photoreduction of CO,

Copyright © 2015 World Scientific Publishing Company
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PPhg

PPhsCo(tpfc) ClFe(tpfc) ClFe(tdcc)

Chart 3. Fe and Co corroles studied for photochemical CO, reduction

Fig. 15. Cyclic voltammograms of PPh,Co"(tpfc) in CH;CN solution saturated with Ar (solid line) and CO, (dotted line). A wider
scan of the Ar-saturated solution is shown by the dashed line. Scan rate 100 mV.s". Reprinted with permission from Ref. 83,
Copyright 2002 American Chemical Society

Table 3. Photocatalytic CO, reduction

Complex Product TON Additives Oxidation state Solvent
FeTPP* CcO 70 DMF, 5% Et;N
Fe-oTMPyP* CcO ~70 Fe(0) Water, 5% Et;N
CoTPP® CcO 300 Co(0) DMF, 5% Et;N
CoTmFP® CcO ~150 Co(0) DMF, 5% Et;N
CoTM(CF;)PP® CcO ~150 Co(0) DMF, 5% Et;N
FeTPP¢ CcoO 230 TP 3 mM Fe(0) DMF, 5% Et;N
cobinamide CO 60 TP 3 mM Co(0) 9:1 MeCN/MeOH, 5% Et;N
Co(TBPc)*© CcO 50 TP 3 mM Co(I)Pc™ DMF, 5% Et;N
Co(tpfe)f CcO 100 TP 3 mM Co(I) MeCN, Et;N (5%)

H, 60
Fe(tpfc)! CcO 100 TP 3 mM Fe(I) MeCN, Et;N (5%)
H, 190

a[72]. P [74]. <[79]. “[81]. € [82]. F[83].
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Table 4. Select reactions relevant to photocatalytic CO, reduction and mechanistic studies

Reaction Rate
1 [CIFe"P] + EL,N — Fe''P + CI + EGN"
20 Fe''P + Et;N —> [Fe'P| + Et;N"*
3 [CIFe"™-0TMPyP] + Et;N — Fe'-oTMPyPH, + CI + Et;N**
4° Fe"-oTMPyP + €yq [Fe'-oTMPyP]
Fe-0TMPyP + CO,"” — [Fe-oTMPyP]
50 2[Fe'-0TMPyP| — Fe''P + [Fe’P]> (1.540.5) x 10° M5!
6° Co"Por + ¢,;” — [Co'Por]
Co"Por + CO,"” — [Co'Por] + CO,
70 [CO'TPPS] + ¢, — [Co"TPPS]> (2.140.4)x 10°° M s
[Co'-mTMPyP[ +¢,; — [Co’-mTMPyP]* 4+1)x10°M's!
8P [Co'-mTMPyP] + CO,” — [Co’-mTMPyP]* + CO, 5x10° M5!
o° [Co'TPPS] + e,, — chlorin, phlorin anion
10¢ M"Por + TP*— [M'Por| + TP
[M'Por] + TP* — [M°Por]*
11 CO"TPP + TP* — [Co'Por] + TP (1.040.2) x 10°° M s
12¢ Co'TPP + TP* — [CoPor]| + TP (7+2)x10°M'.s!
13¢ [CO'B,,] + CO,™ = [(CO,)CoB,I* (12+0.3)x 10° M5
14¢ [Co'B,,] + e, — [Co’B,,1* 1x 10" Mg
15¢ Co""TSPc +¢,; — [Co'TSPc]
Co"TSPc + CO,* — [Co'TSPc]+ CO,
16° Co"TSPc +¢e,; — [Co'TSPc] 2x 100 M1t
17¢ [Co'TSPc] + CO,* — [Co'TSPcCO,]* 55+0.8x 10" M5!
18° Co"TSPc + TP* — [Co'TSPc]|
19¢ Co""Pc + TP — [Co'Pc] + TP 2x 1010 M1t

Co'Pc + TP* — [Co%Pc] + TP

(7.8+1.2)x 10° M5!

2[72].°[74]. °[79]. ¢[81]. °[82].

obtained in high yield and both compounds were stable for
hours. The Co(I) complex was further reduced by CO," to
form the CO, adduct. To clarify the intermediates of CO,
reduction, stepwise reduction of Co"TBPc was carried
out using sodium mirror in THF. The doubly-reduced
species, [Co'(TBPc™)]*, reacted rapidly with CO, to form
a complex that decomposes to Co"TBPc and CO. The
decomposition seems to be enhanced by CO, acting as
an oxide acceptor. Photoreduction in CH;CN with Et;N
and TP produced Co(I) and Fe(I) but further reduction
led to bleaching. Photochemical production of CO and
formate was not as effective as with phthalocyanines due
to hydrogenation of the ligand.

To complete the series of photochemical CO,
reduction experiments, Fe and Co corroles were investi-
gated (Chart 3) [83]. Lacking one meso bridge and
bearing three anionic nitrogen ligands, corroles stabilize
higher metal oxidation states. Thus it was proposed that
the M(I) state could react with CO,. Indeed, CV data

Copyright © 2015 World Scientific Publishing Company

confirmed the reaction of CO, at slightly more negative
potentials than the Co™ wave with Ph;PCo(tpfc) (Fig. 15)
or at the Fe™ potential with CIFe™(tdcc) showing
catalytic current. Spectroscopic characterization showed
the reaction of CO, with the Fe(I) state to produce Fe(II)
and CO together with a small amount of Fe"CO. The
Fe(Il) species are produced by comproportionation of
Fe(Ill) and Fe(I). Extended photoreduction of the M(II)
state with Et;N and TP produced peaks different from
sodium reduction which first decreased and then were
completely lost. Under CO,, H, and CO are evolved
showing that the reaction of M(I) with H* competes with
CO,. Total turnovers were about 300.

IV. CONCLUSIONS AND OUTLOOK

In this review, we summarized electrochemical and
photochemical CO, reduction with a variety of iron
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and cobalt complexes incorporating porphyrins and
phthalocyanines. While CO, can bind to one-electron-
reduced cobalt(I) complexes with partially saturated
tetraaza-macrocycles such as a cobalt(I) complex with
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclote-
tradeca-4,11-diene [84], those of metalloporphyrins and
metallophthalocyanines cannot because the electron
densities on these species are partially distributed on the
conjugated ligands. Although there are some conflicting
reports of CO, activation by one-electron-reduced Co(I) and
Fe(I) porphyrins/phthalocyanines (without the ligand anion
radicals), the active catalysts with metalloporphyrins are
further reduced species as identified by cyclic voltammetry
to have the metal in the formal oxidation state of zero. In
the case of phthalocyanine complexes, the metal oxidation
state is +1 with the ligand anion radical. Fe and Co corroles
are lacking one meso bridge and bearing three anionic
nitrogen ligands, therefore, metal(I) corrole complexes can
react with CO,. In each case, the species which react with
CO, in solution have been identified in recent years using
radiolytic or chemical reduction techniques.

Metalloporphyrins and metallophthalocyanines are
visible light absorbers with extremely large extinction
coefficients. However, yields of photochemically-
generated active catalysts for CO, reduction are low due
to the requirement of a photoinduced 2nd electron. This
situation can be ignored in the case of electrochemical
CO, reduction. Recent progress on efficient and
stable electrochemical systems using FeTPP catalyst
prepositioning of proton-donating phenol groups
in the 2nd coordination sphere to carry out coupled
proton-electron transfer within the catalytic cycle is
remarkable. The incorporation of Lewis or Bronsted
acids in the catalysts seems an outstanding direction
not only to reduce overpotential but also to speed up
the reaction.

Selectivity of the products (i.e. CO, HCOO", H,, efc.)
and long-term durability of cobalt and iron catalysts can
be problematic especially when water is used as a solvent.
Reduced Fe and Co porphyrins react with protons to
produce metal hydride species, which are considered as
intermediates for H, and HCOO" production, and in some
cases even for CO production. Also, hydrogenation of
the ligand due to the electron rich nature of the reduced
catalysts may decrease the catalytic activity for CO,
reduction. Advances in experimental techniques have
revealed a wealth of mechanistic information in recent
years, yet detailed thermodynamic and kinetic studies of
proton and CO, binding to the reduced metal catalysts
would help to understand the mechanisms for CO,
reduction.

Ground-breaking research has to be continued to
produce renewable fuels (CO, and ultimately further
reduced species such as methanol and methane) via
low-energy pathways using durable and selective earth-
abundant catalysts for creating carbon-neutral energy
sources.

Copyright © 2015 World Scientific Publishing Company
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ABSTRACT: Guanine-rich single-stranded nucleic acids self-assemble into G-quadruplex nanostructures
(predominately in the presence of K*-ions). Metalloporphyrins bind to the G-quadruplex nanostructures
to form supramolecular assemblies exhibiting unique catalytic, electrocatalytic and photophysical
properties. This paper addresses the advances in the characterization and the implementation of the
metalloporphyrin/G-quadruplexes complexes for various applications. Out of the different complexes,
the most extensively studied complexes are the hemin/G-quadruplex horseradish peroxidase-mimicking
DNAzyme and the Zn(II)-protoporphyrin IX-functionalized G-quadruplex. Specifically, the hemin/G-
quadruplex was found to act as a catalyst for driving different chemical transformations that mimic the
native horseradish peroxidase enzyme, and, also, to function as an electrocatalyst for the reduction of H,O,.
Also, the hemin/G-quadruplex stimulates interesting photophysical and photocatalytic processes such as
the electron-transfer quenching of semiconductor quantum dots or the chemiluminescence resonance
energy transfer to semiconductor quantum dots. Alternatively, Zn(II)-protoporphyrin IX associated with
G-quadruplexes exhibit intensified fluorescence properties. Beyond the straight forward application of
the metalloporphyrin/G-quadruplexes as catalysts that stimulate different chemical transformations, the
specific catalytic, electrocatalytic and photocatalytic functions of hemin/G-quadruplexes are heavily
implemented to develop sophisticated colorimetric, electrochemical, and optical sensing platforms.
Also, the unique fluorescence properties of Zn(II)-protoporphyrin IX-functionalized G-quadruplexes
are applied to develop fluorescence sensing platforms. The article exemplifies different sensing assays
for analyzing DNA, ligand-aptamer complexes and telomerase activity using the metalloporphyrins/G-
quadruplexes as transducing labels. Also, the use of the hemin/G-quadruplex as a probe to follow the
operations of DNA machines is discussed.

KEYWORDS: hemin, DNA, sensor, DNAzyme, fluorescence, telomerase, aptamer, catalyst,
chemiluminescence.

INTRODUCTION

Guanine-rich nucleic acids stimulate the formation of

means of coordination, mainly in the presence of mono-
valent ions, generally in the order of stabilization of
K* > NH," > Rb* > Na" > Cs* > Li* [1]. The resulting

planar, Hoogsteen hydrogen bonds-stabilized G-quartet
(1), Fig. 1(a). The following n—r stacking of G-quartets,
leads to the self-assembly of G-quadruplexes. These
G-quadruplexes reveal cation-induced stabilization by

*Correspondence to: Itamar Willner, email: willnea@vms.huji.
ac.il, tel: 4972 2-6585272, fax: +972 2-6527715
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G-quadruplexes may adopt various topologies, such as
parallel, anti-parallel or mixed strand configurations [2].
For example, Fig. 1(b) outlines various forms of four-layer
guanine-quartets exhibiting different configurations:
(1) edge-loop dimeric hairpin structure, (ii) diagonal-loop
dimeric hairpin, (iii) unimolecular single strand with
diagonal central loop, and (iv) unimolecular edge-type
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Fig. 1. (a) The Hoogsteen hydrogen-bonded stabilized
G-quartet. (b) Different folding motives of layered G-quadruplex
nanostructures

central loop configuration. Many studies were performed
to characterize the thermodynamic properties of different
G-quadruplexes [3—5], the kinetics of assembly of differ-
ent structures [6, 7], the inter-conversion between distinct
G-quadruplex topologies [8-10] and the equilibria
existing between G-quadruplex configurations [11,
12]. These properties, as well as the effects of salt,
pH and temperature on the stabilities and structures
of G-quadruplexes were already extensively reviewed
elsewhere [13, 14].

Apart from interesting structural motives of
G-quadruplexes, G-quartet complexes have important
biological implications. For example, the telomeric
chains at the edges of the chromosomes consisting of a
(TTAGGG) repeating unit self-assemble into a 3-layered
G-quadruplexes [15, 16]. These telomeric chains were
found to protect the chromosomes from oxidative
damage, and to participate in the signaling of the cellular
death cycle, thus playing a central role in the aging
mechanism [17-19]. Also, the telomerase-stimulated
synthesis of the telomere chains is a key process in the
production of immortal malignant or cancerous cells
[20-22]. An intriguing biological function of other
G-quadruplexes is the regulation of protein transcription
[23]. A detailed computational analysis of the human
genome predicted the existence of ~370,000 G-rich
sequences that, in principle, are capable of adopting
the G-quadruplexes structures [24]. These sequences
were found to be more common in the beginning of the
promoter region for various protein-encoding genes,
such as B cell lymphoma 2 (Bcl-2), hypoxia-inducible

Copyright © 2015 World Scientific Publishing Company

factor la (HIFla), platelet-derived growth factor o
polypeptide (PDGFA), and human telomerase reverse
transcriptase (TERT). Several of these G-quadruplex
structures were located in proto-oncogens, including
MYC, KIT and KRAS, thus marking them as desirable
targets for G-quadruplex-stabilizing anti-cancerous drugs
that would disrupt the transcription process [25, 26].
Furthermore, many sequence-specific substrate-binding
non-coding nucleic acids (aptamers) were found to self-
assemble into G-quadruplexes upon the formation of the
aptamer-ligand complexes. For example, the thrombin
binding aptamer, TBA, d(G,T,G,TGTG,T,G,) folds into
an edge-type central loop G-quadruplex structure upon
binding to thrombin [27, 28].

The G-quartet-stacked quadruplexes can provide
functional nanostructures for the association of guest
molecules via cooperative electrostatic and/or m-T
interactions. For example, Fig. 2 outlines examples of
molecular ligands that bind to G-quadruplexes. One
specific class of molecules that bind to G-quadruplexes
are metal porphyrins. Specifically, Fe(III)-protoporphyrin
IX, hemin, binds to G-quadruplex nanostructures and the
resulting complex can act as a catalytic DNA (DNAzyme)
that mimics the functions of the native horseradish
peroxidase (HRP) enzyme [29-31]. In fact, many
different G-quadruplexes and aptamer G-quadruplex-
ligand complexes bind hemin and, as a result, yield
the catalytic HRP-mimicking DNAzyme structures
[32-36]. The activities of the resulting DNAzymes are
controlled by the structural and spatial folding features
of the complexes, and by the number of G-quartets in
the stacked quadruplexes [37—39]. Besides the catalytic
properties of hemin/G-quadruplexes, the association of
various dyes to the G-quadruplexes was found to affect
the photophysical functions of the dyes and to control
their luminescence properties [40—42].

The present feature article aims to survey the unique
catalytic, electrocatalytic and photochemical properties
of metalloporphyrin/G-quadruplex assemblies. It will
detail the potential applications of these systems for novel
catalytic synthesis, as well as optical and electrochemical
sensing, and exemplify their use as functional units for
the synthesis of new materials, and the assembly of DNA
machines.

1. Synthetic applications of metal porphyrin-
functionalized G-quadruplexes

The Fe(Ill)-protoporphyrin IX, (2), hemin, is known
to bind to G-quadruplexes. It was found that the hemin/
G-quadruplex complex is a HRP mimicking DNAzyme,
Fig. 3. For example, in analogy to the characteristic
reactions of HRP, the hemin/G-quadruplex was found
to catalyze, in the presence of H,0O,, the oxidation of
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid), ABTS*, (3), to form the radical colored product
ABTS[29, 30], (4), to catalyze the oxidation of Amplex

J. Porphyrins Phthalocyanines 2015; 19: 66-91
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(iii) HN

Fig. 2. Examples of molecules that bind to G-quadruplexes

Fig. 3. Hemin/G-quadruplex-catalyzed H,0,-mediated oxidation of: (a) ABTS* to form the colored radical product ABTS*,
(b) Amplex Red to the fluorescent resorufin product, (c) oxidation of luminol to 3-aminophthalate and the concomitant generation

of chemiluminescence

Red, (5), to the fluorescent product resorufin [43], (6),
Aem = 580 nm, and to generate chemiluminescence by
the oxidation of luminol [44, 45], (7), Ay = 430 nm,
Fig. 3, routes (a)—(c), respectively. These reactions were
substantially implemented in the development of optical

Copyright © 2015 World Scientific Publishing Company

or chemiluminescent biosensors (see Section 3.1).
These catalytic reactions of hemin/G-quadruplexes
are attributed to a peroxidation cycle, Fig. 4(a), where
in the primary step for the peroxidation cycle, H,0,
catalyzes the two-electron oxidation of hemin to the

67
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Fig. 4. (a) The activation of the hemin/G-quadruplex DNAzyme by H,O, to yield the intermediates for the peroxidation cycle.
(b) Effect of alkaline transition on the kinetics of formation of the oxo-Fe** radical-cation reactive species in the peroxidation cycle

hemin/

S. G-quadruplex
Qe S oy
8 9

hemin/

CHs ()]

G-quadrupl
@/\ +H,0, qua ruplex @/Q @/V )

10
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unadruplex
Qry ( — O
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Scheme 1. Hemin/G-quadruplex-catalyzed 2-electron oxygen-transfer reactions

oxo-Fe*-radical-cation intermediate, and the sequential
two-electron oxidation of the dyes or luminol lead either
to colored or fluorescent products or, alternatively,
generates light. It should be noted that the association of
hemin with the G-quadruplex structure is a key-step for
the peroxidation cycle. The alkaline transition pKa value
for free hemin corresponds to pKa < 4.0. Thus, water
molecule that acts as an axial ligand for hemin, Fig. 4(b),
is deprotonated at neutral pH, resulting in a tightly-
bound hydroxide complex that inhibits the association
of the H,0, molecule to the hemin. In contrast, the
hemin/G-quadruplex complex exhibits a pKa value of 8.7
that enables the water molecule to remain protonated at
pH=7. As aresult, the exchange of the labile water ligand
by H,O, at neutral pH, is facilitated in the hemin/G-
quadruplex nanostructure. This enhances the formation
of the catalytically-active oxo-Fe**-radical-cation species
through the oxidation of hemin by H,0,.

Similarly to native chloroperoxidase, CPO, or
cytochrome P450, the hemin/G-quadruplex can also
catalyze a two-electron oxidation processes that are
characterized by an oxygen atom transfer to the substrate

Copyright © 2015 World Scientific Publishing Company

[46]. Examples of these reactions are outlined in Scheme 1,
Equations 1-3, where H,O, stimulates the oxidation of
thioanisole, (8), to thioanisole sulfoxide, (9), Equation 1,
the epoxidation of styrene, (10), to styrene oxide, (11),
(withthe phenylacetaldehyde coproduct, (12)), Equation?2,
and the oxygen transfer to indole, (13), followed by the
C—C coupling of the oxo-indole radical cation, (14),
intermediate to indigo, (15), Equation 3.

Although the hemin/G-quadruplex-catalyzed oxidation
of organic substrates is chiefly mediated by the H,O,, several
reports describe that oxygen may, also, act as an oxidant.
In these systems the reduced substrate was able to mediate
the reduction of O, to H,0,, with the resulting peroxide
functioning as a co-oxidant for the hemin/G-quadruplex-
catalyzed oxidation of the substrate. For example, Scheme 2
and Fig. 5(a) outline the mechanism for the aerobic
oxidation of thiols, in the presence of ahemin/G-quadruplex
[47]. The non-catalyzed, inefficient, aerobic oxidation of
thiols to disulfides yields either H,O, or H,O, Scheme 2,
Equations 4 and 5, respectively. The trace amounts of H,O,
generated by the autooxidation process act as an oxidant for
the concomitant hemin/G-quadruplex-catalyzed oxidation

J. Porphyrins Phthalocyanines 2015; 19: 68-91



METALLOPORPHYRIN/G-QUADRUPLEXES: FROM BASIC PROPERTIES TO PRACTICAL APPLICATIONS

N hemin
~ | < G-quZdru:JIex
2Xx HS NN OH —M »
O
16

ON

0 NG,
HO Sig OH (11
o)
17

Scheme 2. The mechanism for the aerobic oxidation of thiols, in the presence of a hemin/G-quadruplex

Fig. 5. (a) The hemin/G-quadruplex-catalyzed oxidation of
thiols to thiol radicals by the peroxidase cycle leading to
the formation of disulfides. (b) Time-dependent absorbance
spectra upon the hemin/G-quadruplex-catalyzed oxidation
of TNB, (16), to DTNB, (17), by H,0, (Reprinted with
permission from Ref. 47. Copyright (2013) American
Chemical Society)

Copyright © 2015 World Scientific Publishing Company

of the thiol to a thiol radical, RS, that is generated in two
subsequent reactions, Fig. 5(a). Apart from the dimerization
of RS to the respective disulfide, the RS’ also initiates
an autocatalytic process involving the aerobic oxidation
of RS to the disulfide product and H,O,, Scheme 2,
Equations 6-10. For example, Fig. 5(b) depicts the time-
dependent spectral changes accomodating the hemin/
G-quadruplex-catalyzed aerobic oxidation of 2-nitro-
5-thiol-benzoic acid, TNB, (16) to 35,5'-dithiobis-(2-
nitrobenzoic acid), DTNB, (17), Scheme 2, Equation 11,
according to the depicted mechanism [47]. The hemin/G-
quadruplex-catalyzed oxidation of thiols was extensively
implemented for the development of various sensing
assays (see Section 3.1).

A related study has introduced the hemin/G-quadruplex
as a catalyst for the aerobic oxidation of NADH or the
H,0,-mediated oxidation of NADH, (18), to NAD" [48],
(19), Fig. 6(a). The study demonstrated that the hemin/G-
quadruplex DNAzyme mimics the catalytic activities of the
native NADH-oxidase and NADH peroxidase biocatalysts.
Although the mechanism is not fully understood, it was
suggested that the hemin/G-quadruplex catalyzed a two-
electron oxidation of NADH to NAD* yielding H,O,.
The generated H,O, acts also as an oxidant for the
oxidation of NADH to NAD". The aerobic hemin/G-
quadruplex-catalyzed oxidation of NADH was followed
spectroscopically through the depletion of NADH upon
the formation of NAD", Fig. 6(b) and by the concomitant
monitoring of the fluorescence generated by the system
via the conjugation of a reporter cycle of hemin/G-
quadruplex-catalyzed oxidation of Amplex Red, (4), to
resofurin (5) by H,0O,, Fig. 6(c). From the time-dependent
depletion of NADH, at different concentrations of the
cofactor, the values of k.= (1.1 £0.06) x 10*s" and K, =
(5.7 £ 0.3) x 10° M for the hemin G-quadruplex were
derived (as compared to k,,,=5.1 s" and K,,=4.1 X 10°M
for the native FAD-dependent NADH oxidase). Similarly,
under anaerobic conditions, and in the presence of H,O,
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Fig. 6. (a) The aerobic hemin/G-quadruplex-catalyzed
oxidation of NADH regenerated by the AlcDH/ethanol
system, using O, as the oxidant. The generated H,O, is used
to activate the hemin/G-quadruplex-catalyzed oxidation
of Amplex Red to the fluorescent resorufin, acting as a
reporter system for the hemin/G-quadruplex NADH-oxidase
mimicking DNAzyme. (b) Time-dependent absorbance
changes upon the aerobic hemin/G-quadruplex-catalyzed
oxidation of NADH, followed at A =340 nm, in the presence of
variable concentrations of NADH: (a) 1 mM, (b) 0.5 mM,
(c) 0.1 mM, (d) 0.01 mM. (c) Time-dependent fluorescence
changes upon the aerobic hemin/G-quadruplex-catalyzed
oxidation of NADH, followed by the DNAzyme-catalyzed
oxidation of Amplex Red to the fluorescent resorufin by
the intermediate H,O, product, in the presence of variable
concentrations of NADH: (a) 1 mM, (b) 0.5 mM, (c) 0.05
mM, (d) 0.01 mM, (e) O mM (Reprinted with permission
from Ref. 48. Copyright (2011) Wiley-VCH)
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Fig. 7. (a) Hemin/G-quadruplex anaerobic-catalyzed oxidation
of NADH by H,0,. (b) Time-dependent absorbance changes,
followed at A = 340 nm, upon the hemin/G-quadruplex-catalyzed
oxidation of NADH, 0.1 mM, in the presence of variable
concentrations of H,0,: (a) 50 uM (b) 20 uM, (c) 10 uM, (d) 6 uM,
(e) 3 uM, (f) 20 uM in the presence of a foreign DNA and hemin,
(g) 20 uM in the presence of a hemin only, (h) O uM (Reprinted
with permission from Ref. 48. Copyright (2011) Wiley-VCH)

as oxidant, the hemin/G-quadruplex-catalyzed oxidation
of NADH to NAD* occurred, Fig. 7(a). The oxidation
of NADH under anaerobic conditions was characterized
spectroscopically by following the depletion of the NADH
absorbance at A = 340 nm, in the presence of different
concentrations of H,0O,, Fig. 7(b). From these results
the values of k., = (4.6 + 0.2) x 10° s' and K,, = (6.0 £
0.3) x 10® M were derived as the biocatalytic features
of the hemin/G-quadruplex as an NADH peroxidase
(as compared to k., = 3.0 s' and K, = 1.0 x 10° M for
the native FAD-dependent NADH peroxidase). Albeit
the catalytic activities of the hemin/G-quadruplex as
NADH oxidase or NADH-peroxidase are substantially
lower than the respective native enzymes, the results
demonstrate a new catalytic, non-enzymatic route to
regenerate the NAD" cofactor. The regeneration of the
NAD" cofactor is a key-step to drive numerous NAD*-
dependent biotransformations. In fact, enzyme-driven
biotransformations using NAD*-dependent enzymes
attract substantial interest for the synthesis of valuable
products, e.g. amino acids, o-hydroxycarboxylic acids and
chiral ketones for the pharmaceutical and food industries.
Indeed, the NADH-oxidase mimicking activities of the
hemin/G-quadruplex were implemented to regenerate the
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Fig. 8. (a) DNA template modified with hemin/G-quadruplex
units acting as catalysts for the oxidation of aniline by H,0, to
form polyaniline-coated DNA templates (b) Absorbance spectra
changes upon the pH-induced dopping of the polyaniline wires
to form emeraldine salt (Reprinted with permission from
Ref. 49. Copyright (2013) American Chemical Society)
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Scheme 3. Mn(II)-TMPyP4/G-quadruplex-catalyzed epoxid-
ation of carbamazepine, (22), to carbamazepine-10,11-oxide, (23)

NADH cofactor by coupling it to the NAD*-dependent
alcohol dehydrogenase (AlcDH) mediated cyclic oxidation
of ethanol to acetaldehyde, Fig. 7(a).

In analogy to the HRP-catalyzed oxidation of aniline by
H,0, to polyaniline, hemin/G-quadruplexes were found

Copyright © 2015 World Scientific Publishing Company

fHs

Fig. 9. The association of Mn(Il)-meso-tetramethylpyridinium
porphyrin to different folding motives of G-quadruplexes
(Reprinted with permission from Ref. 50. Copyright (2013)
Wiley-VCH)

to catalyze the oxidation of aniline (20) to radical aniline
(21) by H,0, that subsequently polymerizes to polyaniline
[49]. The resulting positively charged polyaniline was
deposited on the DNA template. Figure 8(a) depicts the
Y-shaped DNA template that was functionalized with
hemin/G-quadruplex. The structure revealed linear para-
substituted chains that were doped under acidic conditions
to the emeraldine salt state, Fig. 8(b). Circular dichroism
spectra indicated that the polyaniline chain generated a
helical structure that wrapped the DNA template.

Apart from hemin, additional positively charged
metal-substituted porphyrins were reported to bind to
G-quadruplex nanostructures and to catalyze different
reactions. For instance, the cationic Mn(III)-tetramethyl-
pyridinium porphyrin, Mn(III)-TMPyP4, (22), bound to
the G-quadruplex nanostructure was found to catalyze
oxygen transfer reactions to olefins using persulfate, (23),
as an oxygen source, to yield epoxides [50], Scheme 3,
Equation 12. Specifically, the epoxidation of carba-
mazepine, (24), to carbamazepine-10,11-oxide, (25),
Equation 13, was examined using different Mn(III)-
TMPyP4-functionalized G-quadruplexes as catalysts [50],
Fig. 9, configurations I-III. The oligonucleotide sequence
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Cu(Il)-TMPyP/
G-quadruplex

N
CH

Scheme 4. Cu(II)-TMP,P4/G-quadruplex-catalyzed enantioselective Diels-Alder reaction

of 5’-d[TT(GGGTTA),GGGA] corresponds to the human
telomere sequence, and it adopts, in the presence of
K*-ions, a parallel G-quadruplex configuration I, whereas
in the presence of the Na* ions the configuration switches
to the anti-parallel structure II. A related oligonucleotide
sequence, 5-d(TGAGGGTGGGGAGGGTGGGGAA),
corresponding to the c-Myc oncogene promoter that
forms, in the presence of K*-ions, a propeller-type
parallel G-quadruplex structure, III, and provides a
third scaffold for the formation of the complex. Mn(III)-
TMPyP4-1 and the Mn(III)-TMPyP4-1I revealed similar
catalytic activities toward the epoxidation of (24) to (25),
while the Mn(IIT)-TMyPyP4-III showed a 30-fold lower
catalytic activity toward the epoxidation process.

A Cu(Il)-tetramethylpyridinium cationic porphyrin,
Cu(II)-TMPyP4, (26), associated with the telomeric
G-quadruplex, acted as a catalyst for the enantioselective
Diels—Alder reaction [51], Scheme 4, Equation 14.
Using a series of different G-quadruplex oligonucleotide
variants it was demonstrated that the yields of the
processes were ~98%, with a 98:2 ratio of endo/exo
isomers, (27) and (28) respectively. The enantiomeric
excess (ee%) for the formation of the endo enantiomer in
the catalyzed reaction was in the range of 40% to 65%,
depending on the sequence of the G-quadruplex.

2. Photophysical, photochemical and electrocatalytic
features of metalloporphyrin/G-quadruplexes

Hemin/G-quadruplex  exhibits  quasi-reversible
redox features [52]. A thiolated G-rich nucleic acid
(29) was assembled on a Au electrode, and assembled
in the presence of K*-ions into the G-quadruplex
structure. Hemin bound to the G-quadruplex yielded the
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hemin/G-quadruplex HRP-mimicking DNAzyme, and
this exhibited a quasi-reversible redox-wave at E=-0.27V
vs. SCE. The hemin/G-quadruplex monolayer acted
as an electrocatalytic surface for the electrochemical
reduction of H,0,, Fig. 10(a). The monolayer-functiona-
lized electrode was applied for the quantitative analysis
of H,0,, with a detection limit that corresponded to
0.5 mM, Fig. 10(b).

Different dyes coordinate to G-quadruplex nanostru-
ctures by cooperative electrostatic and T—m interactions.
The fluorescence of these dyes is significantly enhanced
upon association to the G-quadruplexes due to restricted
rotation and decrease in the polarity of the environment
of the dyes. Specifically, Zn(II)-protoporphyrin IX binds
to G-quadruplexes and the resulting complex exhibits
a substantially higher fluorescence as compared to the
metalloporphyrin molecule [53]. Indeed, this property
was implemented for the development of various
fluorescent biosensors (see Section 3.1).

Apart from driving biocatalytic reactions, the diverse
catalytic and non-catalytic chemistry exhibited by the
hemin/G-quadruplex allows it to participate as an active
component in various photophysical mechanisms. For
example, the luminescence of semiconductor quantum
dot (QDs), such as CdSe/ZnS QDs modified with
hemin/G-quadruplex units, (30), Fig. 11(a) is quenched
via an electron-transfer, ET, quenching mechanism
[54]. The energy levels corresponding to the CdSe/
ZnS-hemin/G-quadruplex conjugates suggest that
photoexcited conduction-band electrons generated in
the QDs may be transferred to the hemin/G-quadruplex,
Fig. 11(b). This process prohibits the radiative electron-
hole recombination in the QDs, but instead proceeds
via the subsequent dark, non-radiative, back-electron
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Fig. 10. (a) Electrocatalyzed-reduction of H,O, by a hemin/
G-quadruplex monolayer associated with an Au electrode.
(b) Electrocatalytic cathodic currents observed upon the
electrocatalyticreduction of variable concentration of H,O, by the
hemin/G-quadruplex-modified electrode: (a) 0 mM, (b) 0.5 mM,
(c) 1.0 mM, (d) 1.5 mM, (e) 2.0 mM, (f) 3.0 mM, (g) 4.0 mM,
(h) 5.0 mM, (i) 6.0 mM (Reprinted with permission from
Ref. 52. Copyright (2010) American Chemical Society)

transfer from the reduced heme site to the holes
present in the valence-band of the QDs, thus leading to
quenching of the luminescence of the QDs, Fig. 11(c).
Similarly, luminescent nucleic acid-stabilized Ag
nanoclusters conjugated to a hemin/G-quadruplex, (31),
are quenched by the hemin/G-quadruplex units [55],
Fig. 12(a). The energy-levels diagram reveals a similar
quenching mechanism to the QD-hemin/G-quadruplex
system, via an electron-transfer, Fig. 12(b), resulting
in the hemin/G-quadruplex-stimulated quenching of
the Ag nanoclusters fluorescence, Fig. 12(c). A further
interesting photophysical mechanism that involves
semiconductor QDs and hemin/G-quadruplexes is the
chemiluminescence resonance energy transfer (CRET)
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Fig. 11. (a) Electron-transfer quenching of the luminescence
of CdSe/ZnS QDs by surface-associated hemin/G-quadruplex
units. (b) Energy level diagram corresponding to the electron-
transfer quenching mechanism of photoexcited CdSe/ZnS QDs
by the surface-bound hemin/G-quadruplex. (c) Luminescence
spectra of the G-quadruplex-modified QDs: (a) without hemin.
(b) In the presence of hemin, 1 pM (Reprinted with permission
from Ref. 54. Copyright (2010) American Chemical Society)

mechanism [56]. As mentioned, the hemin/G-quadruplex
catalyzes the H,O,-mediated oxidation of luminol and the
accompanied generation of chemiluminescence at A, =
430 nm. The generated light might act as a localized
radiative source for the QDs, exhibiting absorbance that
overlaps with the chemiluminescence spectral region.
Indeed, it was found that hemin/G-quadruplex, (32),
structures conjugated to semiconductor QDs lead to a
chemiluminescence resonance energy transfer (CRET)
where the chemiluminescence energy excites the
semiconductor QDs, thus leading to their luminescence
withoutexternalirradiation, Fig. 13(a).Indeed, treatmentof
CdSe/ZnS-hemin/G-quadruplex conjugates with luminol/
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Fig. 12. (a) Schematic electron-transfer quenching of the
luminescence of nucleic acid-stabilized Ag nanoclusters (NCs)
by the hemin/G-quadruplex. (b) Energy levels corresponding to
the Ag NCs and the conjugated hemin/G-quadruplex. (c) The
photophysical properties of Ag NCs/G-quadruplex hybrids:
(1) The excitation spectrum of the hybrid. (ii) The luminescence
spectrum of the hybrid in the absence of hemin. (iii) The
luminescence spectrum of the hybrid in the presence of the
hemin/G-quadruplex (Reprinted with permission from Ref. 55.
Copyright (2013) American Chemical Society)

H,O, activated the CRET process [56]. Figure 13(b)
shows the resulting broad chemiluminescence spectrum,
centered at A, = 430 nm, accompanied by the lumine-
scence of the CdSe/ZnS Qds at A, = 610 nm. It should
be noted that the apparent contradicting features of
hemin/G-quadruplex in semiconductor conjugates (ET
quenching vs. CRET mechanisms) requires a delicate
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Fig. 13. (a) A hybrid consisting of hemin/G-quadruplex and
CdSe/ZnS quantum dots (QDs) and the chemiluminescence
resonance energy transfer (CRET) in the hybrid nanostructure.
(b) Chemiluminescence spectrum (A, = 425 nm) generated
by the hemin/G-quadruplex-catalyzed oxidation of luminol by
H,0,, and the luminescence spectrum of the CdSe/ZnS QDs
(Amax = 610 nm) generated by the CRET process (Reprinted
with permission from Ref. 56. Copyright (2011) American
Chemical Society)

tuning of the structural features of the QD-hemin/G-
quadruplex. To minimize the quenching of the CRET-
stimulated emission of the QDs the G-quadruplex should
be spatially separated from the QDs.

The control of the photophysical properties of
metalloporphyrins, semiconductor QDs, and metal
nanoclusters provides versatile means to develop many
different optical sensing platforms that will be addressed
in Section 3.1. The hemin/G-quadruplex-catalyzed CRET
process to semiconductor QDs was implemented to
design switchable aggregation/deaggregation processes
of CdSe/ZnS quantum dots, accompanied by the ON-OFF
switching of the luminescence of two-sized CdSe/ZnS
quantum dots (QDs) [57], Fig. 14(a). Two-sized QDs
emitting at A, = 610 nm and 540 nm were functionalized
with nucleic acids (33) and (34), respectively, consisting
of the G-quadruplex subunits, and an additional domain
that hybridizes with a linking strand (35). The DNA
hairpin-modified QDs were added to a solution containing
hemin and (35), and in the presence of K*-ions, the
self-assembly of the K*-stabilized G-quadruplex was
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Fig. 14. (a) Switchable aggregation and deaggregation of CdSe/ZnS QDs in the presence of added K* ions or 18-crown-6-
ether, respectively. (b) Switchable ON-OFF CRET-stimulated generation of the luminescence of the QDs: (a) CRET-stimulated
luminescence spectrum of the hemin/G-quadruplex-bridged CdSe/ZnS QDs in the presence of the K*-ions stabilizing the
G-quadruplex. (b) Luminescence spectrum of the system generated upon the 18-crown-6-induced deaggregation of the QDs and
the separation of the bridging units due to elimination of the K*-ions from the G-quadruplex bridges. (¢) Luminescence spectrum
of the aggregated, hemin-G-quadruplex-bridged CdSe/ZnS upon the re-addition of K*-ions and the regeneration of the hemin/G-
quadruplex catalytic bridges. Inset: Cyclic ON-OFF activation and deactivation of the luminescence properties of (e) 610 nm
emmiting QDs (*) 540 nm emmiting QDs, upon the: (I) The K*-induced aggregation of the QDs by the hemin/G-quadruplex
bridges. (II) The deaggregation of the QDs upon addition of 18-crown-6 (Reprinted with permission from Ref. 57. Copyright

(2014) American Chemical Society)

cooperatively stabilized by the bridging strand (35),
Fig. 14(a). Crosslinking of the different-sized QDs by the
(35)-bridged G-quadruplex units led to the aggregation of
the QDs and to the binding of hemin to the G-quadruplex
bridges. The resulting hemin/G-quadruplex DNAzyme
catalyzed the generation of chemiluminescence through
the DNAzyme-catalyzed oxidation of luminol by H,O,.
The resulting chemiluminescent process stimulated the
CRET process to the adjacent two-sized QDs, resulting
in their luminescence at A, = 540 nm and A, = 610 nm,
without external excitation, Fig. 14(b), curve (a).
Treatment of the QDs aggregates with 18-crown-6, (36),
eliminated the K*-ions from the G-quadruplex units,
resulting in the dissociation of the hemin/G-quadruplex
bridging units and to the deaggregation of the QDs
structure. The resulting mixture of the separated QDs
did not posses any significant catalytic activity and the
chemiluminescence process as well as the accompanying
CRET process were switched-off, Fig. 14(b), curve (b).
By the cyclic treatment of the system with K*-ions and
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18-crown-6, the QDs are switched between hemin/G-
quadruplex-functionalized catalytic aggregates and a
deaggregated non-catalytic configuration. This resulted in
the switchable cyclic activation of the dual luminescence
features of the two-sized QDs to ON and OFF states,
Fig. 14(b), inset.

3. Applications of metalloporphyrins-functionalized
G-quadruplexes

The unique recognition and catalytic functions of
sequence-specific nucleic acids may be implemented
to develop a large variety of sensing platforms. The
formation of duplex DNA nanostructures, ligand-aptamer
complexes or of metal-assisted, cooperatively-stabilized,
duplex nucleic acids provides versatile recognition
elements for the sensing platforms. The conjugation of
enzymes or DNAzymes to this recognition element may
then provide effective means to amplify the recognition
events that yields sensitive sensing modules. Indeed, in
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Fig. 15. (a) Schematic analysis of a DNA analyte by the target-stimulated initiation of the hybridization chain reaction (HCR), leading
to hemin/G-quadruplex catalytic wires. (b) Time-dependent absorbance changes observed upon analyzing different concentrations
of the DNA analyte (37) using the HCR amplification scheme shown in (a) and by following the hemin/G-quadruplex-catalyzed
oxidation of ABTS* by H,0, to form the colored product, ABTS~ (A = 420 nm). (c) Chemiluminescence spectra generated upon
analyzing different concentrations of the analyte (37) according to the scheme shown in (a), and using the hemin/G-quadruplex-
catalyzed oxidation of luminol by H,0, and the generation of chemiluminescence. For both systems shown in (b) and (c) the analyte
concentrations correspond to: (a) 0 M, (b) 1 x 102 M, (¢) 1 x 10" M, (d) 1 x 10" M, (e) 1 x 10" M, (f) 1 x 10° M, (g) 1 X
10 M (Reprinted with permission from Ref. 65. Copyright (2012) American Chemical Society)

the past two decades, numerous studies have used nucleic
acids and aptamers as recognition probes [58—62] and
coupled enzymes [63, 64] or DNAzymes [65-71] as
amplifying labels for the sensing events. Furthermore, the
formation of DNA duplexes of controlled stabilities, the
cooperative stabilization of nucleic acid nanostructures
by metal ions (e.g. Ag®, Hg®), the ion-stimulated
stabilization of G-quadruplexes [72], the pH-induced
formation of i-motif structures, or the stabilization of
aptamer-ligand complex, provide means to control the
reconfiguration of DNA nanostructures [73], and these
may lead to switchable DNA devices or to functional
DNA structures mimicking DNA machines [74].

3.1 Metalloporphyrins as catalytic, electrocatalytic
and optical labels for sensing. Ultra-sensitive sensing
platforms involving the hemin/G-quadruplex as a
catalytic label have been developed using enzyme-
free or enzyme-aided DNA machineries, capable of
synthesizing autonomously the hemin/G-quadruplex
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label as a result of recognition events [65]. Figure 15(a)
depicts the enzyme-free ultra-sensitive detection of a
DNA analyte (37) using the hybridization chain reaction
(HCR) as DNA machinery [65]. In this system, the DNA
hairpins 38 and 39 function as the DNA machinery.
Hairpin 38 includes at the 5’-end of the stem region I the
encodes the sequence that corresponds to three-fourths of
the G-quadruplex and programmed domains IV and III,
where the sequence II that is associated with III is
complementary to a part of domain IV, thus forming the
hairpin structure. Importantly, the hairpin 38 includes in
domain III the recognition sequence for the analyte (37).
The hairpin 39 is engineered to include at the 5" and 3’
ends of the stem region one-fourth of the G-quadruplex
sequence, and three-fourths of the G-quadruplex
sequences, respectively, where the three-fourths G-
quadruplex domain II is conjugated to domains IV’
and IIT’, that are complementary to domains IV and III
of hairpin 38. In the presence of the analyte (37), hairpin
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38 opens, resulting in the free domain IV (step 1),
and the latter open hairpin 39 through binding to
domain IV’, thereby releasing domain IIT, (step 2), that
is complementary to domain III of hairpin 38. The cross-
opening of hairpin 38, (step 3), releases the domain IV,
while allowing the self-assembly of the tethers I and II
to the G-quadruplex. By the autonomous cross-opening
of hairpins 38 and 39, (step 2 and step 3) long chains
of the G-quadruplex DNAzyme units associated with the
HCR wires are formed. The subsequent binding of hemin
to the G-quadruplex polymer wires resulted in chains
of the hemin/G-quadruplex DNAzyme labels as a result
of a single recognition event. The resulting DNAzyme
wires enabled, then, the colorimetric detection of the
analyte through the catalyzed oxidation of ABTS* by
H,0, to form the colored product, ABTS*, Fig. 15(b), or
the chemiluminescence detection of the analyte (37) by
the DNAzyme catalyzed oxidation of luminol by H,0,,
Fig. 15(c). This sensing platforms enabled the analysis
of the target DNA with a detection limit corresponding
to 1 x 10" M within an isothermal reaction time interval
of 4-6 h.

Enzyme/hemin/G-quadruplex DNA  machineries
were similarly applied for amplified biosensing. This is
exemplified in Fig. 16(a) with the amplified detection of
DNA [75]. The nucleic acid scaffold (40) provides the
functional sensing module. Domain I is complementary
to the analyte, whereas the domain III is complementary
to the G-quadruplex sequence. The bridging domain II
includes a programmed sequence that upon replication
yields a duplex where the replication domain includes
the specific sequence that is nicked by the enzyme
N.BbvC TA. The sensing system includes polymerase,
the nicking enzyme N.BbvC IA, and the oligonucleotide
mixture, dNTPs. The analyte M13 phage opens the
appropriate hairpin probe, (41), that yields a versatile
primer that activates the DNA machinery. Hybridization
of the phage M13/hairpin primer with the recognition
site, in the presence of polymerase/dNTPs stimulate,
results in the replication of the scaffold. This process
replicates domain II and III, where the replicated
sequences correspond to the nicking domain and the
G-quadruplex, respectively. The nicking of domain
II provides an opening for polymerase, resulting in
the re-replication of the scaffold, while displacing the
G-quadruplex sequence (conjugated to a short tether
of domain II). That is, the recognition of the target
DNA (41) by the scaffold (40) initiates the autonomous
cyclic release of the catalytic G-quadruplex strand. The
association of hemin to the displaced site yields the
catalytic hemin/G-quadruplex DNAzyme that catalyzes
the H,0,-stimulated oxidation of ABTS? to the colored
product ABTS*, or catalyzes the oxidation of luminol
by H,O, while generating chemiluminescence. These
two processes provide readout signals for the sensing
of (41), Figs 16(b) and 16(c). The method enabled the
detection of (41) with a detection limit that corresponds
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Fig. 16. (a) The analysis of the M13 phage analyte using an
autonomous replication/nicking machinery synthesizing the
hemin/G-quadruplex as an amplification catalyst. (b) Time-
dependent absorbance changes upon analyzing different
concentrations of the M13 phage using the amplification
machinery shown in (a) and the hemin/G-quadruplex-catalyzed
oxidation of ABTS* to ABTS* (A, = 415 nm) as readout
signal: (a) 1 x 10° M, (b) 1 x 10" M, (¢) 1 x 10"> M, (d) 1 X
10 M, and (e) analysis of the foreign calf-thymus single
stranded DNA, 1 x 10® M. (c) Chemiluminescence spectra
corresponding to the analysis of different concentrations of
M13 phage using the amplification machinery shown in (a)
and the hemin/G-quadruplex-catalyzed oxidation of luminol by
H,0, and the generation of chemiluminescence at A = 420 nm.
(@) 1 x10°M, (b) 1 X 10" M, (¢) 1 x 102 M, (d) 1 x 10
M, and (e) analysis of the foreign calf-thymus single stranded
DNA, 1 x 10® M (Reprinted with permission from Ref. 75.
Copyright (2006) Wiley-VCH)

to 1 x 10" M. Similar DNA machineries were applied for
the colorimetric and/or chemiluminescence detection of
aptamer-ligand complexes or metal ions, e.g. Hg>*-ions
[76]. Other DNA machineries such as the rolling circle
amplification (RCA) process were similarly applied to
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Fig. 17. (a) Amplified analysis of a target DNA by a hairpin-
modified electrode using the hemin/G-quadruplex as an
electrocatalytic label. (b) Electrocatalytic cathodic current
generated upon the treatment of the hairpin-functionalized
electrode with variable concentrations of the target DNA. Electro-
catalytic currents are produced by the hemin/G-quadruplex-
electrocatalyzed reduction of H,O,. The concentrations of the
analyte correspond to: (a) 0 pM, (b) 20 pM, (c) 40 pM, (d) 60 pM,
(e) 80 pM and (f) 100 pM (Reprinted with permission from
Ref. 52. Copyright (2010) American Chemical Society)

autonomously synthesize the hemin/G-quadruplex as a
catalytic label for the amplified detection of DNA or of
aptamer-substrate complexes [77].

The electrocatalytic functions of the hemin/G-
quadruplex toward the electrocatalyzed reduction of
H,0, have been implemented to develop different DNA
sensing platforms [52]. For example, Fig. 17(a) depicts
the principle for the electrocatalyzed detection of DNA.
The thiolated hairpin structure, (42), was assembled on
an Au electrode. The hairpin included in domain I the
recognition sequence for the analyte DNA, (43), while
domain II is composed of the G-quadruplex sequence in
an inactive caged configuration. In the presence of the
analyte DNA, the hairpin opens and the G-quadruplex
sequence is released. As a result, the hemin, present
in the electrolyte solution, binds to the G-quadruplex,
generating the electrocatalytic hemin/G-quadruplex that
mediates the electrocatalyzed reduction of H,0,. As the
amount of the hemin/G-quadruplex electrocatalytic units

Copyright © 2015 World Scientific Publishing Company

is controlled by the concentration of the analyte, (42),
the resulting elecrocatalytic cathodic currents provide a
quantitative measure for the concentration of the analyte,
Fig. 17(b).

The unique photophysical properties of the hemin/G-
quadruplexes that enable it to quench the luminescence
of semiconductor quantum dots (QDs) via an electron-
transfer mechanism, have been applied to develop different
nucleic acid-based luminescent sensing platforms [54].
Figure 18(a) exemplified the analysis of a nucleic acid
target (44) by the hairpin nucleic acid, (45)-functionalized
CdSe/ZnS QDs. Domain I of the hairpin includes the
recognition sequence for the target DNA (44) while
domainITofthehairpin, partially hybridized withdomain,
includes the G-quadruplex sequence in a inactive
caged configuration. Treatment of the (45)-modified
QDs with the target DNA, (44), and in the presence
of hemin, results in the opening of the hairpin and the
concomitant self-assembly of the hemin/G-quadruplex
quenching units. As the concentration of the DNA target
dictates the degree of opening of the hairpin units, the

Fig. 18. (a) Analyzing a target DNA by a hairpin probe-modified
CdSe/ZnS QDs through the electron-transfer quenching of the
QDs by the hemin/G-quadruplex generated upon the opening
of the hairpin probe. (b) Calibration curve corresponding to the
analysis of different concentrations of the target DNA according
to (a). (c) Analyzing the formation of an aptamer-ligand (AMP)
complex through the application of hairpin-modified CdSe/
ZnS QDs and the electron-transfer quenching of the QDs by
the aptamer-ligand-stimulated formation of the hemin/G-
quadruplex quencher (Reprinted with permission from Ref. 54.
Copyright (2010) American Chemical Society)
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resulting quenching-degree of the QDs is proportional
to the concentration of the DNA analyte. Figure 18(b)
shows the derived calibration curve corresponding to
luminescence quenching efficiency as a function of the
analyte concentration. This sensing platform enabled
the sensing of the target DNA with a detection limit
corresponding to 1 x 10" M. This paradigm was further
applied to develop an adenosine monophosphate, AMP,
(46), aptasensor, Fig. 18(c). The hairpin nucleic acid
(47) included the sequence I that encoded the aptamer
sequence for binding two AMP ligands, and sequence 1,
partially hybridized with sequence I, that consisted
of the G-quadruplex sequence, in a caged inactive
configuration. Subjecting the (47)-modified QDs to
AMP, in the presence of hemin, resulted in the opening
of the hairpin by forming the AMP-aptamer complex
with a concomitant release of domain II and the self-
organization of the hemin/G-quadruplex quenching
units. As the concentration of AMP controls the opening
of hairpin (47), the degree of quenching is thus dictated
by the concentration of the AMP analyte. This sensing
module enabled the analysis of AMP with a detection
limit that corresponded to 1 x 10 M.

In arelated study [78], the electron-transfer quenching
of semiconductor CdSe/ZnS QDs phenomena was applied
to sense the cancer biomarker telomerase, Fig. 19(a).
The QDs were modified the nucleic acid, (48), that acts
as primer for telomerase. In the presence of a cancer
cell lysate containing telomerase, and in the presence
of a nucleotide mixture of dNTPs and hemin, the
telomerization process is initiated, yielding the G-rich
telomeric chains. The biosynthesized telomeres self-
assemble into the hemin/G-quadruplex chains, and these
units quench the luminescence of the QDs. Figure 19(b)
depicts the time-dependent quenching of the QDs upon
treatment of the CdSe/ZnS QDs with a 293T cancer cell
extract. As the duration of the telomerization process is
prolonged, the level of the QDs’ quenching is enhanced,
consistent with the increase in the number of the hemin/
G-quadruplex quencher units. Figure 19(c) presents
the resulting calibration curve depicting the degree of
quenching of the QDs upon stimulating the telomerization
process by telomerase originating from different numbers
of cell extracts for a fixed time-interval of 70 min. The
method enabled the detection of telomerase originating
from 270 + 20 293T cells/uL.

The chemiluminescence resonance energy transfer
(CRET) process stimulated by hemin/G-quadruplexes
linked to semiconductor CdSe/ZnS QDs, in the presence
of luminol/H,0, (see Section 2), was applied to develop
luminescent sensing platforms for DNA [56] and for
the analysis of aptamer-ligand complexes. Specifically,
these CRET-based sensing modules were applied for the
multiplexed analysis of DNA analytes or of aptamer-
ligand complexes [35]. Figure 20(a) exemplifies the
sensing of analyte (49) by the hairpin (50)-modified
620 nm luminescent QDs. The hairpin (50) includes
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Fig. 19. (a) Analyzing the activity of telomerase in cancer cells
using the electron-transfer quenching mechanism of CdSe/ZnS
QDs by telomeric hemin/G-quadruplex chains as an optical
readout. (b) Time-dependent electron-transfer quenching of
CdSe/ZnS QDs by the telomerase-stimulated generation of
telomeric hemin/G-quadruplex chains. The telomerase was
extracted from a 293T cancer cell lysate. (c) Calibration curve
corresponding to the quenching efficiency of the QDs by
telomeric hemin/G-quadruplex chains generated after a fixed
time-interval of 1 h by telomerase extracted from different
numbers of 293T cancer cells (Reprinted with permission from
Ref. 78. Copyright (2010) American Chemical Society)

the recognition sequence I for the selective binding of
the target DNA, and domain II that is composed of the
G-quadruplex sequence in a caged, inactive structure.
In the presence of the target DNA (49), and hemin, the
probe hairpin (50) opens, resulting in the formation of the
catalytic hemin/G-quadruplex. The subsequent addition
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Fig. 20. (a) Analyzing a target DNA by a hairpin probe-modified
620 nm-luminescent CdSe/ZnS QDs using the chemiluminescence
resonance energy transfer (CRET) mechanism as readout
signal. (b) Luminescence spectra corresponding to the analysis
of variable concentrations of the DNA analyte by the CRET-
stimulated mechanism: (1) 0 nM, (2) 10 nM, (3) 25 nM, (4) 50 nM,
(5) 100 nM. The luminescence at A.,,= 620 nm, generated by the
CRET mechanism, provides the readout signal for the analysis
of the DNA target (Reprinted with permission from Ref. 56.
Copyright (2011) American Chemical Society)

of luminol/H,0, leads to the hemin/G-quadruplex-
catalyzed generation of chemiluminescence, and this
stimulates the CRET process to the QDs, resulting in
the triggered luminescence of the QDs at A, = 620 nm,
Fig. 20(b). The degree of opening of the probe hairpin
(50) is controlled by the concentration of the analyte, and
hence the resulting chemiluminescence intensities and the
subsequent CRET-stimulated intensities of the QDs are
dictated by the concentration for the analyte, Fig. 20(b).
This sensing module was further implemented for the
multiplexed analysis of three different genes, Fig. 21(a).
Three different-sized QDs emitting at A, = 620 nm,
Aem = 560 nm and A, = 490 nm were functionalized
with three different hairpin probes (51), (52) and (53),
respectively. The loops of the hairpins included specific
recognition sequences for the DNA analytes (54), (55),
and (56), respectively, and the stem regions of all hairpins
included the G-quadruplex sequence in the caged,

Copyright © 2015 World Scientific Publishing Company

Fig. 21. (a) Multiplexed analysis of three genes using different-
sized CdSe/ZnS QDs modified with three different DNA
hairpin structures. The hairpins include in the loop regions
specific recognition sequences for the different genes, and
inactive caged G-quadruplex sequences in the stem regions. The
hairpin structures, opened by the respective analytes, lead to the
formation of catalytic hemin/G-quadruplexes that trigger-on the
luminescence of the respective QDs by a chemiluminescence
resonance energy transfer (CRET) mechanism. (b) Luminescence
spectra of the composite three QDs mixture (1) in the absence of
DNA analytes, or upon analyzing different analytes: (2) (585) (3)
(54) (4) (56) (5) (54), (55) and (56) (Reprinted with permission
from Ref. 56. Copyright (2011) American Chemical Society)

inactive configuration. The mixture of the three-sized
QDs provided a functional assembly for the multiplexed
analysis of the three genes through the hemin/G-
quadruplex-catalyzed CRET-stimulated luminescence
of the QDs, Fig. 21(b). Treatment of the QDs mixture
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with either of the target genes, in the presence of hemin
and luminol/H,0,, resulted in the selective opening of the
hairpins associated with the specific QDs, thus leading
to the luminescence of the respective QDs. Treatment of
the QDs mixture with a combination of any of the two
analyte genes, in the presence of hemin and luminol/
H,0,, led to the CRET-stimulated luminescence of only
the respective QDs. Introducing all three genes to the
mixture of the QDs triggered-on the luminescence of
all three-sized QDs, thus enabling the selective parallel
detection of all three genes. Similarly, different-sized
QDs, modified with hairpin probes composed of loops
that include sequence-specific aptamers, as recognition
elements, and caged G-quadruplex domains in the stem
regions of the hairpin structures, have been implemented
for the multiplexed analysis of the respective aptamer
ligands, using the CRET mechanism as a transduction
signal [35].

The aerobic hemin/G-quadruplex-catalyzed oxidation
of thiols (L-cysteine, (57)) to disulfide (cystine, (58)) [47]
has been applied to develop DNA analyte and aptamer-
ligand sensing platforms by coupling the DNAzyme
catalytic process to the cysteine-controlled aggregation
of Au nanoparticles, Au NPs, Fig. 22(a) [79]. While
individual Au NPs reveal size-controlled localized surface
plasmon absorbance-bands in the region of A = 525-550
nm, their aggregation leads to inter-particle plasmon
coupling, resulting in a red-shifted absorbance-band in
the region of A = 600-700 nm. Accordingly, the sensing
module is based on the aerobic hemin/G-quadruplex-
catalyzed oxidation of L-cysteine to cystine, and the
use of the cysteine-mediated aggregation of Au NPs as
an auxiliary optical readout mechanism. Cysteine binds
through its thiol functionality to Au NPs, and the surface-
associated cysteine monolayer induces the aggregation
of Au NPs through inter-particle H-bonds. In contrast
to cysteine, its oxidation product cystine (disulfide)
does not bind to Au NPs, and thus the aggregation
of Au NPs, in the presence of cystine, is prohibited.
Accordingly, the hairpin (59) was designed to include
in domain I the recognition sequence for the target gene
(60) and in domain II the G-quadruplex sequence in a
stem-caged, inactive configuration. In the absence of the
target gene cysteine is not effectively oxidized to cystine,
and thus upon the addition of Au NPs the cysteine-
stimulated aggregation of the NPs proceeds, leading
to the disappearance of the localized plasmon band of
individual NPs at A = 520 nm, and to the formation of the
coupled plasmon-band of the aggregate at A = 650 nm,
path (a). However, in the presence of hemin and the
target DNA, (60), the hairpin probe (59) opens, resulting
in the formation of the hemin/G-quadruplex. In the
presence of cysteine, the aerobic hemin/G-quadruplex-
catalyzed oxidation of cysteine to cystine proceeds
and upon the addition of Au NPs their aggregation is
prohibited, giving rise to the localized plasmon based
of individual Au NPs at A = 520 nm, path (b). Since
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Fig. 22. (a) The schematic analysis of a target DNA by a
probe hairpin nanostructure using the hemin/G-quadruplex-
controlled cysteine-mediated aggregation of Au NPs as
readout mechanism. The opening of the hairpin probe by the
analyte leads to the self-assembly of the hemin/G-quadruplex
catalyst. (b) Absorption spectra corresponding to the analysis of
different concentrations of the DNA analyte through the hemin/
G-quadruplex-controlled cysteine-mediated aggregation of the
AuNPs: (2) 0M, (b) 1 x 10° M, (c) I x 108 M, (d) 5 x 10% M,
(€) 1 x 107 M, () 5x 107 M, (g) 1 x 10° M (Reprinted with
permission from Ref. 79. Copyright (2014) Wiley-VCH)

the concentration of the hemin/G-quadruplex catalyst
is controlled by the concentration of the analyte gene,
(60), the extent of aggregation of the NPs is dominated
by the analyte concentration. As the concentration of the
analyte increases, the degree of aggregation decreases
and the ratio of the absorbance bands at A = 650 nm and
A =520 nm (Agsy/Asy) provides a quantitative measure
for the analyte DNA, Fig. 22(b). The method enabled
the analysis of the target gene with a detection limit that
corresponded to 4.5 x 10° M. The same platform was
implemented to develop aptasensors where G-quadruplex
aptamer-ligand nanostructures bind hemin and yields the
catalytic DNAzyme for the aerobic oxidation of cysteine,
and the subsequent controlled aggregation of Au NPs.
The hemin/G-quadruplex-catalyzed oxidation of
cysteine to cystine and the subsequent cysteine-induced
aggregation of Au NPs was further applied to develop an
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Fig. 23. (a) Schematic analysis of telomerase activity through
the hemin/G-quadruplex telomeric chains-controlled cysteine-
mediated aggregation of Au NPs. (b) Absorption spectra
corresponding to the cysteine-mediated aggregation of Au NPs
in the presence of (a)—(d) telomerase extracted from variable
numbers of 293T cancer cells: (a) 192 cells/uL, (b) 137 cells/uL,
(c) 82 cells/uL, (d) 27 cells/uL and (e) a fibroblast cell lysate
(274 cells/uL) that lacks telomerase. Inset: Derived calibration
curve corresponding to the analysis of variable numbers of
cancer cells (Reprinted with permission from Ref. 80. Copyright
(2014) American Chemical Society)

optical assay for analyzing telomerase in cancer cells,
Fig. 23(a) [80]. The system included the telomerase
primer, (61), the nucleotide mixture of dNTPs and
hemin. In the absence of telomerase the added cysteine
is not oxidized to cystine, and upon the addition of Au

Copyright © 2015 World Scientific Publishing Company

NPs to the system, an effective aggregation process of
the NPs proceeds, path (a). However, treatment of the
sensing module with telomerase, extracted from cancer
cells, stimulates the telomerization of the primer and
the formation of hemin/G-quadruplex telomere chains.
These catalytic chains catalyze the oxidation of cysteine
to cystine, thus prohibiting the aggregation of the added
Au NPs, path (b). As the degree of telomerization is
controlled by the concentration of telomerase extracted
from cancer cells, the extent of Au NPs aggregation is
dominated by the telomerase concentration. Figure 23(b)
depicts the absorption spectra of the Au NPs system upon
analyzing telomerase originating from different numbers
of 293T cancer cell extracts. As the concentration of
the cells increases, the degree of aggregation decreases,
reflected in the decrease of the absorbance ratio of Agsy/
As,,. From the derived calibration curve, Fig. 23(b), inset,
the sensing platform enabled the detection of telomerase
originating from 27 293T cells/uL.

The enhanced fluorescence properties of Zn(II)-
protoporphyrin IX, (62), associated with G-quadruplex
nanostructureshasbeenusedtodevelop variousnucleicacid-
based sensing platforms [81]. Figure 24(a) exemplifies the
fluorescent detection of a DNA analyte, (63), by the Zn(II)-
protoporphyrin IX/G-quadruplex fluorescence label. The
hairpin (64) functions as a probe for analyzing the target
DNA, and includes domain I that provides the recognition
sequence for the analyte and domain II that includes the
caged structure of the G-quadruplex. The hairpin probe,
in the presence of Zn(II)-protoporphyrin IX, reveals
minute fluorescence. In the presence of the target DNA
(63) the hairpin opens, and the association of the Zn(II)-
protoporphyrin IX to the uncaged G-quadruplex leads to
the generation of a fluorescent label that provides a reporter
signal for the sensing events. As the concentration of the
analyte, (63), controls the degree of opening of the hairpin
probe, the resulting fluorescence provides a quantitative
readout signal for the analysis of (63). Figure 24(b)
depicts the time-dependent fluorescence changes of
the system upon analyzing different concentrations of
the target DNA. The fluorescence intensities reach a
saturation value after ca. 25 min, a time interval that
reflects the kinetics of the opening of the hairpin probe.
The derived calibration curve corresponding to the
fluorescence intensity generated by the system, after a
fixed time interval of 20 min, upon analyzing different
concentrations of the target DNA is depicted in Fig. 24(c).
This sensing platform enables the analysis of the target
DNA with a detection limit corresponding to 5 x 10° M.
Similarly, the formation of ligand-induced G-quadruplex
aptamer-ligand complexes and the fluorescence generated
upon the association of Zn(II)-protoporphyrin IX to the
aptamer-ligand complex was used to develop fluorescent
aptasensors [81]. Also, the Pb*-ion stabilization of
G-quadruplex nanostructures and the binding of Zn(II)-
protoporphyrin IX to the resulting G-quadruplex provided
a means to develop a fluorescent sensor for Pb**-ions
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Fig. 24. (a) Analysis of analyte DNA by a hairpin nucleic acid
probe and the Zn(Il)-protoporphyrin IX/G-quadruplex as a
fluorescent label. (b) Time-dependent fluorescence changes
upon analyzing different concentrations of the analyte DNA
according to (a): (a) 0 nM, (b) 20 nM, (c) 50 nM, (d) 100 nM, (e)
200 nM, (f) 400 nM, (g) 800 nM, (h) 1 uM, (i) 1.5 uM, and (j)
2 UM. (c) Derived calibration curve (Reprinted with permission
from Ref. 81. Copyright (2012) American Chemical Society)

[82], Fig. 25(a). The sequence (65) that consists of the
Pb**-aptamer recognition sequence was blocked by the
complementary sequence (66). The G-quadruplex domain
in the duplex (65)/(66) exists in an inactive configuration
that does not bind the fluorescence label. In the presence
of Pb*-ions the formation of the energetically favored
Pb**-G-quadruplex displaces (66). The binding of
Zn(ID)-protoporphyrin IX to the resulting Pb**-stabilized
G-quadruplex leads to a fluorescence intensity that

Copyright © 2015 World Scientific Publishing Company

Fig. 25. (a) Analysis of Pb**-ions by the Pb**-ion-triggered recon-
figuraiton of a duplex DNA probe into the fluorescent Zn(II)-
protoporphyrin IX/Pb*"-stabilized G-quadruplex. (b) Fluorescence
spectra of the Zn(II)-protoporphyrin IX/G-quadruplex generated
in the presence of variable concentrations of Pb**: (a) 0 uM
(b) 0.02uM (c) 0.05 uM (d) 0.1 uM (e) 0.2 uM () 0.5 uM (g) 1 pM
(h) 2 uM (1) 5 uM (§) 10 uM (Reprinted with permission from
Ref. 82. Copyright (2010) American Chemical Society)

provides a quantitative measure for the concentration
of Pb**-ions, Fig. 25(b). The system enabled the analysis
of Pb**-ions with a detection limit that corresponds to
2x10% M.

The unique fluorescence features of Zn(II)-proto-
porphyrin IX associated with G-quadruplexes were
also implemented to detect the cancer cell biomarker
telomerase [81], Fig. 26(a). The nucleic acid, (67),
acts as primer that is recognized by telomerase. In the
presence of the 293T cancer cell extract that contains
telomerase and of the dNTPs oligonucleotide mixture,
the telomerization of the primer proceeds to yield the
G-quadruplex telomere chains. The association of Zn(II)-
protoporphyrin IX to the generated G-quadruplex units
provides a fluorescence signal that reflects the activity
of telomerase present is the cell lysate. Accordingly, the
resulting fluorescence intensity provides a quantitative
measure for the number of cancer cells in the lysates.
Figure 26(b) depicts the fluorescence spectra of the
Zn(Il)-protoporphyrin associated with the telomere
chains generated upon telomerization of the (67) by
telomerase originating from variable number of cell
extracts, and the resulting calibration curve, Fig. 26(c).
The method enabled the analysis of telomerase extracted
from 380 293T cells/uL.

The present section has addressed different
optical and electrical sensing platforms involving
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Fig. 26. (a). Analysis of telomerase activities by the fluorescence
of Zn(II)-protoporphyrin IX associated with the G-quadruplexes
of telomeric wires. (b) Fluorescence spectra corresponding to
the Zn(II)-protoporphyrin IX (a) in the presence fiberoblast cell
extract in a concentration of 2690 cells/uL, or when associated
with telomeric chains generated by telomerase for a fixed time-
interval of 1 h, where telomerase was extracted from variable
number of 293T cancer cells: (b) 269 cells/uL, (c) 1076 cells/uL,
(d) 1345 cells/uL, (e) 2152 cells/uL, (f) 2690 cells/uL.
(c) Derived calibration curve (Reprinted with permission from
Ref. 81. Copyright (2012) American Chemical Society)

metal-porphyrin-functionalized ~ G-quadruplexes as
labels. These included the development of DNA-sensors,
ligand-aptamer sensors, and sensors for telomerase.
Tables 1, 2 and 3 compare the performance of the
metalloporphyrin/G-quadruplex-based DNA sensors,
aptasensors and telomerase sensors to other sensing
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platforms, respectively. One may realize that the optical
or electrochemical metalloporphyrin/G-quadruplex-
based sensors reveal comparable or even superior
sensitivities as compared to other sensing platforms.
Specifically, the amplified sensing platforms that
include the horseradish peroxidase mimicking hemin/G-
quadruplexes reveal superior or comparable sensitivities
when compared to other DNAzymes (e.g. the Mg**-
dependent DNAzyme), or to systems that implement
horseradish peroxidase, HRP, as amplifying label (due
to the possibility to implement DNA machineries for the
synthesis of the hemin/G-quadruplex DNAzyme).

3.2 Metalloporphyrins as labels for DNA machines.
The base-sequence encoded in nucleic acids has been
broadly applied for the development of DNA switches
and DNA machines [101-105]. Different DNA switching
devices [106] or machines, such as tweezers [107, 108],
walkers [109, 110], rotors [111, 112] or gears [113] were
developed and their potential utilization as optoelectronic
devices [114-116], as dictated molecular carriers [117,
118], and as functionalized units for programmed synthesis
and biocatalysis [119-121] were reported. By conjugating
metal-ion-functionalized G-quadruplex nanostructures to
DNA machines, the unique catalytic and optical properties
of the G-quadruplexes may be used to follow the switchable
operation of the DNA machines or, alternatively, allow the
use of the DNA machines as scaffolds for programmed
synthesis or for switchable photonics. The switchable
tweezers-stimulated activation and deactivation of the
hemin/G-quadruplex DNAzyme [122] is presented in Fig.
27(a). The tweezers included two arms, (68) and (69),
bridged by two nucleic acids, (70) and (71), to yield the
closed tweezers configuration, T . The arms of the tweezers
include domains I and II that consist of the G-quadruplex
sequences that are caged in an inactive configuration via
hybridization with the complementary domains of the
bridging strand (71). In the presence of K*-ions and hemin
the formation of the hemin/G-quadruplex DNAzyme
structures is energetically favored, thus, yielding the open
configuration of the tweezers, T,, and the displacement
of the bridging strand, (71). The catalytic hemin/G-
quadruplex units catalyze the H,0,-mediated oxidation
of Amplex Red to the fluorescent product resofurin. The
resulting fluorescence provides then the readout signal for
the open state of the tweezers. Treatment of the tweezers
T, with [2.2.2]-cryptand eliminates the stabilizing K*-ions
from the G-quadruplex, resulting in its separation. This
leads to the rehybridization of the bridging strand, (70),
and regeneration of the closed tweezers configuration,
T,. In these nanostructures the system is catalytically
inactive. Re-addition of K*-ions to the system re-opens
the tweezers, resulting in the catalytically active hemin/G-
quadruplex DNAzyme structure. By the cyclic K*-induced
opening of the tweezers and the reverse closure of
the tweezers in the presence of [2.2.2]-cryptand, the
molecular device is cycled between “ON” and “OFF”
states, Fig. 27(b).
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Fig. 27. (a) A switchable K*/[2.2.2]-cryptand reconfigurable
DNA tweezers. The opening of the tweezers by K*-ion leads
to the formation of “arm”-functionalized hemin/G-quadruplex
DNAzyme units. The DNAzyme-containing opened tweezers
catalyze the H,0,-mediated oxidation of Amplex Red to
the fluorescent resorufin. Elimination of K'-ions from the
G-quadruplexes by [2.2.2]-cryptand results in the dissociation
of the hemin/G-quadruplexes, and to the blockage of the
oxidation of Amplex-Red. (b) Time-dependent fluorescence
changes of the tweezers system upon: (a) Opening of the
tweezers in the presence of K*-ions. (b) Closure of the tweezers
upon addition of [2.2.2]-cryptand and elimination of K* from
the G-quadruplex sites (Reprinted with permission from Ref.
122. Copyright (2014) Wiley-VCH)

The CRET-stimulated activation of the luminescence
of QDs through the hemin/G-quadruplex-catalyzed
generation of chemiluminescence was applied to follow
the activity of a DNA “walker” molecular device [123],
Fig. 28(a). A DNA scaffold (72) was designed to act as the
track of the “walker” system. The CdSe/ZnS QDs modified
with the nucleic acid (73) were hybridized with the scaffold
(72), and these were used as a reporter site for the walking
process. The nucleic acid (74) and (75) were hybridized
with the track scaffold and these include protruding tethers
acting as footholds for the walker operation. The walker
units (76) were hybridized with foothold (75) to form
the energetically stabilized duplex. The walker element
includes partial complementarity, also, to foothold (74), yet
with lower affinity, and includes also the caged sequence of
the G-quadruplex. In the presence of the fuel strand, (77),
the walker unit is displaced due to the formation of the
energetically favored duplex (77)/(75), and this results in
the walk-over of the unit (76) to the less favored foothold
position, (74). The transition of the walker to foothold
(74) is accompanied by the uncaging of the G-quadruplex

Copyright © 2015 World Scientific Publishing Company

Fig. 28. (a) Probing the reversible DNA walker operation
between two states on a DNA scaffold, using the hemin/G-
quadruplex chemiluminescence resonance energy transfer
(CRET) to the semiconductor QDs as readout signal for the
“walking” process. (b) The luminescence spectra of the system
upon the walk-over of the walker (76) from foothold (75) to
(74) using the respective fuel and anti-fuel strands. (a) Walker
on foothold (76) (b) fuel-stimulated transfer of the walker to
foothold (74) (c) Anti-fuel-driven transition of the walker from
foothold (74) to (75) (d) and (e) Re-transition of the walker
to footholds (74) and (75), respectively. Inset: CRET-induced
luminescence intensities of the QDs upon transition between
the two states (Reprinted with permission from Ref. 123.
Copyright (2013) American Chemical Society)

sequence, and the formation of the hemin/G-quadruplex
DNAzyme. This catalyzes the oxidation of luminol by
H,0,, and the generation of chemiluminescence —
a process that stimulates the chemiluminescence
resonance energy transfer (CRET) process to the QDs,
resulting in the luminescence of the QDs at A, = 620 nm.
The subsequent addition of the anti-fuel strand (78) to the
system, displaces the fuel strand (77) from foothold (75),
due to the formation of the energetically stabilized duplex
(77)/(78). The release of strand (77) from foothold (75)

87
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Fig. 29. (a) Electrochemical probing of a fuel/anti-fuel-
driven walker system between two states on a DNA scaffold
associated with an Au electrode, using the hemin/G-
quadruplex-catalyzed reduction of H,O, as readout signal for
the position of the walker. (b) The electrocatalytic currents
corresponding to: (a) Walker positioned on foothold (81). (b)
Fuel-driven transition of the walker to foothold (80) while
generating the hemin/G-quadruplex electrocatalyst. (c) Anti-
fuel-driven transition of the walker to foothold (81), (d) and
(e) cyclic re-transition of the walker to footholds (80) and (81),
respectively. Inset: Electrocatalytic cathodic currents generated
by the walker system upon the fuel/anti-fuel-driven transitions
of the walker between the two states (Reprinted with permission
from Ref. 123. Copyright (2013) American Chemical Society)

leads to the reverse transition of the walker to foothold
(75) due to the formation of an energetically stabilized
duplex (76)/(75). This latter process dissociates the
G-quadruplex structure, leading to the switching-off of the
catalytic properties of the system, and the accompanying
CRET process. By the cyclic treatment of the functional
DNA structure with the fuel and anti-fuel strands, the
“walker” unit is reversibly translocated between the
footholds (74) and (75), a process that is transduced by

Copyright © 2015 World Scientific Publishing Company

the CRET-stimulated luminescence properties of the QDs
reporter elements, Fig. 28(b). Similarly, the electrocatalytic
functions of the hemin/G-quadruplex were used to report
the walker functions of the DNA device on electrode
surfaces, Fig. 29(a). In this system, the scaffold (79) was
assembled on an Au electrode surface, and the nucleic acids
(80) and (81) were hybridized with the scaffold track (79).
The strand (82), acting as the walker unit, was hybridized
with foothold (81) to form the stable duplex structure
(81)/(82). The walker unit is partially complementary to
foothold (80), and includes in a caged configuration the
G-quadruplex sequence. In the presence of the fuel strand
(83) the walker unit (82) is displaced from foothold (81),
leading to the transition of the walker to foothold (80),
where the less energetically stabilized duplex is formed.
The translocation of the walker to foothold (80) is
accompanied by the self-assembly of the electrocatalytic
hemin/G-quadruplex, that catalyzes the electrochemical
reduction of H,O, and the formation of an electrocatalytic
cathodic currents. The subsequent treatment of the
system with the anti-fuel strand (84) displaces the fuel
strand in the form of the stable duplex structure (83)/
(84), and this triggers the reverse transition of the walker
unit from foothold (80) to (81). This process dissociates
the hemin/G-quadruplex structure, thus switching-off
the electrocatalytic function of the system. Accordingly,
by the cyclic treatment of these walker nanostructure
associated with the electrode, with the fuel and anti-fuel
strands, the walker unit is reversibly translocated between
footholds (80) and (81) and the process is transduced by
the switchable ON-OFF electrocatalytic functions of the
hemin/G-quadruplex reporter, Fig. 29(b).

CONCLUSIONS AND PERSPECTIVES

Metalloporphyrin-functionalized G-quadruplexes and
particularly hemin/G-quadruplexes exhibit versatile
catalytic, photocatalytic, and electrocatalytic properties.
Specifically, the hemin/G-quadruplex-catalyzed proces-
ses can proceed either in the presence of added H,0, as
an oxidant, or under aerobic conditions in the absence of
exogenously added H,O,. One functional aspect of these
DNAzyme-catalyzed processes is their implementation
in chemical synthesis, although the catalytic functions of
the hemin/G-quadruplex as a DNAzyme are substantially
lower as compared to the analogous reactions driven
by respective hemeproteins. One reason for this
lower activity is the fact that even though hemin/G-
quadruplexes include a catalytic site they lack a substrate
binding site, an essential component for the high activity
of native enzymes. The conjugation of aptamer units to
the hemin/G-quadruplex catalyst could provide a means
to construct an integrated catalyst, containing both a
substrate binding site and a catalytic unit that mimics
native enzymes with a higher activity. An additional
aspect is the variable activities toward different substrates
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exhibited by the different hemin/G-quadruplex structures.
At present, the basic understanding of the structure-
function relationships that dictates the different substrate-
specific activities is slim. A major breakthrough could be
envisaged, however, if molecular dynamics simulations
could be adapted to predict the optimal structures of the
DNAzymes for target reactions.

The application of the unique catalytic, electrocatalytic
and photophysical properties of hemin/G-quadruplexes
has been extensively used to develop a variety of electrical
and optical sensing platforms. Specifically, the use of
different nucleic acid machineries for the autonomous
synthesis of hemin/G-quadruplex catalytic labels, or
for the amplified analysis of DNA or aptamer-ligand
complexes has been addressed. In this context, it was
emphasized that the DNA machineries, such as the rolling
circle amplification process (RCA), the hybridization
chain reaction (HCR) or the telomerization process, yield
long wires composed of the catalytic hemin/G-quadruplex
units. The implementation of these wires as catalytic
templates for the growth of conductive polymers, e.g.
polyaniline or polypyrrole, could provide an attractive
means for the synthesis of nanoscale electronic materials.

The electron-transfer quenching of semiconductor
QDs by conjugated hemin/G-quadruplex labels, and the
chemiluminescence resonance energy transfer (CRET)
process between hemin/G-quadruplex labels and
semiconductor QDs have been introduced as versatile
methods for the multiplexed sensing of DNA analytes and
aptamer-ligand complexes. In this context, the parallel
detection of the analytes was accomplished by using
different-sized CdSe/ZnS QDs. Extension of this method
to other semiconductor QDs, e.g. CdTe or PbSe, could
enhance the complexity of multiplexed analysis of targets.
Finally, the enhanced fluorescence properties of Zn(II)-
protoporphyrin IX/G-quadruplexes have been applied as
effective luminescence probes for sensing. These unique
properties of the fluorophores/G-quadruplexes could be
applied to develop new photoelectrochemical cells, e.g.
dye-sensitized solar cells.

The progress demonstrated in applying metallo-
porphyrin/G-quadruplexes in different scientific disciplines
promises that these nanostructures will continue to attract
future theoretical and experimental scientific efforts.
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ABSTRACT: Axial ligands play a dominating role in determining the electronic structure and reactivity
of iron porphyrin active sites and synthetic models. Several properties unique to the cysteine bound
heme enzyme, cytochrome P450, is attributed to the “push effect” of the thiolate axial ligand. In this
mini-review the ground state electronic structure of iron porphyrins with imidazole, phenolate and
thiolate complexes, derived using a combination of spectroscopy and DFT calculations, are discussed.
The differences in kinetics and selectivity of oxygen reduction reaction (ORR), catalyzed by these iron
porphyrin complexes with different axial ligands, help elucidate the varying push effects of the different
axial ligands on oxygen activation by ferrous porphyrin. The spectroscopic and kinetic data help to
develop a quantitative understanding of the “push effect” and, in particular, the electrostatic and covalent

contributions to it.

KEYWORDS: push effect, iron porphyrin, ORR.

INTRODUCTION

Several key metallo-enzymes utilize heme cofactors
to catalyze chemical transformations [1-4]. Important
biological functions such as transport and storage of O,,
oxidation of organic molecules with O,, synthesis of NO
and N,O and quenching of reactive oxygen species are
catalyzed by these active sites [5—8]. Surprisingly, the
large gamut of activity can be attenuated by the axial
amino acid ligand (proximal ligand). Similarly the 2nd
sphere interactions (like H-bonding) can alter reactivity
of these active sites and does not entail any change in the
heme structure. The effect of axial ligation is beautifully
illustrated when one considers the fact that while
hemoglobin (Hb) and myoglobin (Mb), both utilizing the
imidazole head group of a histidine residue to bind the
heme iron, bind O, for storage or transport, cytochrome
P450 (cyt P450), which utilizes the thiolate group of
a cysteine residue to bind heme, not only binds O, but

*Correspondence to: Abhishek Dey, icad @iacs.res.in
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also activates it to oxidize organic substrates [9-13]. The
role of 2nd sphere residues in reactivity analogously is
evident in the “pull” effect in Poulos—Kraut mechanism
amongst others [14].

Inspired by their diverse reactivities, mimicking of
these active sites has been a long term goal for many
chemists. Synthetic iron porphyrins containing thiolate,
imidazole and phenolate axial ligands, some of which can
mimic the reactivity of their natural analogs have been
amply demonstrated over the last four decades [15-27].
The meso phenyl substituents on the phenyl ring are used
to conveniently introduce additional chemical moieties
like axial ligand or distal super-structures into the design
[28, 29]. One of the major advantages of synthetic
modeling of active sites is to be able to systematically
vary/control structural entities. This allows elucidation
of the roles of these additional chemical entities, often
unique to a particular enzyme, in determining nuances
is reactivity between different active sites which are
ostentatiously not very different from each other.
Such elegance is often difficult to achieve in a protein
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active site via site directed mutagenesis [30, 31]. For
example elegant design of distal metal binding site in
iron porphyrins and hydrogen bonding to axial thiolate
ligand have provided unprecedented insight into the role
of these attributes, encountered in active sites, in tuning
structure/function of the active site [32-35]. Such efforts
have led to successful modeling of O, binding in Hb/Mb
and peroxide shunt in cyt P450 [16, 36-38].

The focus of synthetic inorganic chemists is gradually
shifting towards not only designing better synthetic
models but also towards investigating the geometric and
electronic structures that affect the reactivity of these
models [19]. Catalytic O, activation and/or reduction
by these complexes are significant to the current
context of energy generation and storage [39-43]. The
mechanistic details of the O, reduction reaction (ORR)
depends on and how the axial ligands as well as the
distal environment affects the reaction coordinate are
key information needed to design successful catalysts
[44, 45]. Particularly, obtaining higher resolution insight
into role of weaker interactions like H-bonding in tuning
and, in many cases, determining the function of heme
active sites provide major motivation for such academic
pursuit [33].

Over the last few years our group has been
investigated in synthesizing iron porphyrin complexes
with thiolate, phenolate and imidazole axial ligands
with goal of understanding the role of these ligands in
tuning electronic structure and ORR properties of iron
porphyrin complexes [15, 27, 46]. Additionally by

Distal site environment

Proximal site

Fig. 1. Design of introduction of different

Copyright © 2015 World Scientific Publishing Company

introducing H-bonding residues in the distal site of iron
porphyrin complexes, we have illustrated the likely role
of these weak interactions in ORR [28, 29]. In this mini-
review, we summarize our contribution in understanding
the role of axial ligands in determining the ground
state (GS) electronic structure and electrocatalytic O,
reduction properties with an eventual goal of quantifying
the “push effect.” The mini-review comprises of three
sections; (A) Synthesis, (B) Ground State Properties and
(C) Electrocatalytic O, Reduction.

A. SYNTHESIS OF MODEL
COMPOUNDS
The scaffold of meso-tetra(2-aminophenyl)por-

phyrin (TAPP) [9, 47] is quite amenable to chemical
modifications as an amine group can be functionalized
using a diverse set of reactions. Further the ability to
enrich specific atropisomers allows controlling the
orientation of the incoming functional group with
respect to the ring and other functional groups present.
These factors have been demonstrated in erstwhile
synthetic achievements of several groups [17, 24, 42].
We aspired to use the TAPP architecture to mimic 2nd
sphere interactions like H-bonding to the axial ligands
and generate a series of complexes with different axial
ligands which are biologically relevant. In this review
we summarize our efforts of understanding the role of
different axial ligands using synthetic models bearing
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imidazole, phenolate and thiolate ligands covalently
attached to the porphyrin ring.

(i) Aliphatic and bulky aliphatic thiolate, imidazole
model complexes (PSR and PPSR, PIM)

Recently we have reported a few iron porphyrin
complexes with an axial thiolate ligand covalently
attached to the porphyrin ring and its analogous imidazole

ligand bearing complexes [19]. We have started with
meso-(2-aminophenyl)-tris-phenyl porphyrin (1) [48]
and the amino functional group has been utilized to attach
bromovaleryl chloride. The terminal bromide group is
then functionalized with thiol or imidazole to result in
thiolate and imidazole bound iron porphyrin complexes,
respectively (Fig. 2). The final thiolate bound iron
porphyrin complex is air sensitive in nature. To introduce
tolerance in O, the thiolate ligand needs to be sterically

MeOCSA//\/k
3

O
%
A

SCOMe

HN
o
c

a = bromovaleryl chloride/THF (Dry); b = potassium thioacetate/DMF (reflux); ¢ = FeBro/collidine; d = Dil. HCI; e = activated
K>CO3/MeOH; f = imidazole/MeOH (reflux); g = FeBr2/collidine; h = NaOMe/MeOH.

Fig. 2. General synthetic protocol to aliphatic thiolate (PSR) and its analogue imidazole model (PIM)

Copyright © 2015 World Scientific Publishing Company
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15

a = chlorovaleryl chloride (1 eqv)/THF (dry); b = pivolyl chloride/THF (dry); c = potassium thioactate/actone (reflux);

d = FeBry/collidine; e = Dil. HCI; f = activated K,COz/MeOH

Fig. 3. Synthetic route of the bulky aliphatic thiolate ligated model complex (PPSR)

protected (Fig. 3). This was achieved by starting with
TAPP (10) as the basic scaffolds. One of the o-amino
functional group is first converted to the corresponding
amide linkage (11) by chlorovaleryl chloride. The rest
of the three amino groups of the porphyrin have been
protected by the treatment of pivolyl chloride to (12).
The Fe—S bond is formed at the final step of the synthesis
by treating the thiol modified porphyrin with activated
potassium carbonate to get the target product (16, referred
to as PPSR from here on).

(ii) Benzyl thiolate complex

Apart from aliphatic thiols, benzylic thiols were synthe-
sized as well (complexes 31 and 35) [23, 27]. The synthesis
of both the complexes (31) and (35) are detailed in Fig. 5.
Only the synthesis of (31), which is more complex, is
discussed here. Starting from p-iodo cresol (17), the ether
linkage is established by treating with ethyl-bromoacetate

Copyright © 2015 World Scientific Publishing Company

in presence of potassium carbonate to give the compound
(18) with a higher yield. An alkyne moiety is introduced
by Sonogashira coupling reaction using Pd catalyst. To
introduce the thiolate functional group, first the brominating
of the benzylic position by NBS is achieved which is then
converted to thioacetate functionalized compound (21). It
is important to keep the thiol group protected as thioacetate
in this ligand as thiols groups can complicate the following
reactions and are prone to oxidation/degradation. However
this automatically implies that to attach this ligand arm to
TAPP one has to hydrolyze the ester group to a carboxylic
acid in the presence of the thioacetate group. The crucial
step of this synthetic scheme is, thus, achieving selective
hydrolysis of the ester group in 21 and 26. It is achieved
using LiOH in solvent mixture.

The corresponding ligand (22, Lig-A) is then attached
to the porphyrin (TAPP) (10) to result in compound (28)
by a modified Mukaiyama rearrangement. Generally this
reaction is done at elevated temperature which, in this
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a = ethyl bromoacetate/K,COg3; b = NBS/CCly; ¢ = potassium thioacetate/acetone (reflux); d = LIOH/THF-H,O

Fig. 4. General synthetic route for alkyne terminated and non-terminated ligands

case, may lead to scrambling or atropisomers. In this case
the reaction had to be performed at RT to avoid that. It
was observed that the use of mixture of solvent (THF and
acetonitrile) instead of acetonitrile allows the reaction to
proceed at room temperature. The remaining three amino
groups are then protected with pivolyl chloride; this
protection is used to introduce steric protection around
the thiolate. The thioacetate and the TMS groups were
de-protected after introducing the iron in the final step
to result in the thiolate bound iron center. The target
molecule (31), referred to as PPSR-yne from here on, is
found to be air stable [27].

(iii) Axial phenolate ligand
Introduction of a phenolate linker analogous to the

thiolate and imidazole was found to be synthetically

Copyright © 2015 World Scientific Publishing Company

inaccessible as using the approach similar to PPSR-yne
will require the use of redox active catechol while using
an approach similar to PSR will require C—C coupling.
Thus an alternate linker had to be designed (Fig. 6). The
amino functional group of meso-(2-aminophenyl)-tris-
phenyl porphyrin was reacted with bromovaleryl chloride.
Compound (2) was refluxed with NaNj to get the azide
terminated compound (36) which was metalated with
Zn(OAc), to get the Zn-porphyrin complex (37). The
resulting complex (37) is “clicked” with 3-hydroxyphenyl
acetylene using Cu(I) catalyzed 1,3-cycloaddition of
azides to terminal alkynes [49]. The resultant Zn bound
complex (38) is de-metalated in presence of dilute HCI
yielding free base porphyrin (39). The iron complex (40)
with the phenol ligand is treated with activated K,COj; to
get desired phenolate bound iron porphyrin (41, referred
to as POR from here on) (Fig. 6) [20, 50].

J. Porphyrins Phthalocyanines 2015; 19: 96-108
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Bulky-benzyl-PPSR-yne

a = Lig-A/2-chloropyridinium iodide/acetonitrile;
b = pivolyl choloride/THF (dry); c = FeBr/collidine; //
d = activated K,CO3/MeOH
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MeOCS’\‘ ;0

32

Bulky-benzyl-PPSR

e = Lig-B/2-chloropyridinium iodide; f = pivolyl chloride/THF (dry); g = FeBrs/collidine; h = activated K,COz/MeOH

Fig. 5. Synthetic strategy for cyt P450 models PPSR-yne and its analogue without alkyne bulky benzyl-PPSR
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a = bromovaleryl chloride/THF (dry); b = NaNs/DMF (reflux); ¢ = Zn(OAc),/THF; d = 3-hydroxyphenyl
acetelene/CuSO4/Na-ascorbate; e = Dil. HCI; f = FeBry/collidine; g = activated K,CO3/MeOH

Fig. 6. Synthetic route for the phenolate bound heme catalase model POR

B. GROUND STATE PROPERTIES OF
MODEL COMPOUNDS

(i) EPR

The imidazole bound complex, PIM, is high spin
(HS) 5/2 ground state (GS) with an axial signal at g =
6.0 in non-coordinating solvents like CH,Cl, or THF. In

Copyright © 2015 World Scientific Publishing Company

a coordinating solvent like MeOH a rhombic distortion
(g=6.2,5.4), suggests formation of a six-coordinate (6C)
MeOH bound complex (PIM-MeOH) but retaining its S =
5/2 GS (Fig. 7, gray). Hence, the PIM complex mimics
the co-ordination and spin state properties of histidine
coordinated enzyme active sites e.g. hemoglobin, cyto-
chrome ¢ oxidase, efc. i.e. the five coordinate (5C) and
the solvent bound 6C state are both HS [19].

J. Porphyrins Phthalocyanines 2015; 19: 98—108
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Fig. 7. The X-band EPR spectra of the synthetic complexes at
77K

Table 1. EPR parameters for the heme complexes

Spin 81 53 83 \Z
Cyt P450 [51] 12 245 226 191 459
Catalase resting [52] 572 6.0
Catalase-Nj [52, 53] 172 2.50 226 1.87 3.98
Hb [51] 52
Cyt ¢ oxidase [22] 572
SR complex [23] 172 2.32 221 196 643
TCP-TB [42] 172 2.33 221 196 6.55
PPSR-yne-MeOH [27] 1/2 2.33 221 191 5.68
PPSR in MeOH [19] 172 249 2.16 190 4.07
PSR in MeOH [19] 172 2.50 2.16 1.89 3.94
POR [20] 52 6.0
POR-MeOH [20] 172 249 2.16  1.89 4.02
PIM [19] 52

Both the thiolate bound PSR and phenolate bound POR
complexes show axial g=6.0 signal in a non-coordinating
solvents. However in MeOH solvent they both show a § =
1/2 EPR signal at 77 K suggesting conversion to the 5C
HS GS to a 6C low spin (LS) GS on binding MeOH. Based
on the g values of the LS thiolate bound iron porphyrin
complexes, they can be divided in two categories. The
PPSR-yne complex, Naruta et al. and Hirobe et al.
reported benzylic thiolate as axial ligands and have V/A
values close to 6 [23, 42]. The large rhombicity observed
in these complexes is consistent with the presence of a
strong T anisotropic donor like thiolate. Note that the
V/\ for these complexes is significantly higher than that

Copyright © 2015 World Scientific Publishing Company

of the LS active site of cyt P450. Of course this could
be due to differences in the donor strength of the axial
thiolate or due to 2nd sphere interactions like H-bonding.
The V/A of the more flexible alkyl thiolate linker is
around 4.0 and close to 4.55 observed in the LS active
site of cyt P450. Considering the fact that both PPSR and
PPSR-yne have similar protection of the thiolate, these
differences in V/A likely represents differences in the GS
owing to differences between the donor strength of the
benzylic thiolate and the alkyl thiolate ligands. However
H-bonding from MeOH may affect the V/A as well.

Similarly, the phenolate bound iron porphyrin complex,
POR shows an S = 5/2 GS in a non-coordinating solvent
and an S = 1/2 GS with g-values at 2.49, 2.16, 1.89 at 77 K
in a coordinating solvent. The g values of the LS thiolate
complexes are similar to those reported for several cyt-
P450 models and the oxidized resting state of the cyt P450
(Table 1). The V/A of the LS S = 1/2 signal, calculated using
the Taylor analysis [54], is similar to those calculated for
LS Nj bound catalase and is consistent with the presence
of a strong m-anisotropic ligand [51]. Thus both the thiolate
and the phenolate bound complexes are HS in their 5C state
(non-coordinating solvent) and LS in their 6C state (MeOH
solvent) mimicking the properties of cyt P450 and catalase
active sites, respectively. The imidazole bound complex, on
the other hand, stays HS in both the 5C and 6C states.

(ii) Resonance Raman (rR)

The characteristic oxidation state and spin state
marker v, and v, vibrations for the PIM complex and
the HS/LS thiolate and phenolate bound complexes are
listed in Table 2. In the low frequency region, vibrations
are observed for the MeOH bound PSR complex at 339,
361, 421, 467, 676 and 770 cm™', which are not observed
for the methanol bound PIM complex (Table 2) [19].
This suggests that these vibrations possibly originate
due to the thiolate coordination to the Fe™-porphyrin.
The vibrations in the range of 350-470 cm™ may have
contribution from the Fe'™-S stretching mode while those
in the range of 650-800 cm™ may have contribution
from the C-S stretching mode (Intra L,,, Table 2) [35,
55-58].While confirmed assignment of these vibrations
will require isotopic substitution, DFT calculations
were used to support these tentative assignments (vide
infra). Similarly, the 5C HS aliphatic complex in THF
shows additional vibrations at 335, 369 cm™, and 624,
679 and 765 cm™. The rR data of the 5C HS complex
POR, show peaks at 573 and 589 cm™ corresponding to
Fe—OPh vibrations (Fe—O stretch and v,) (Table 2), [20]
consistent with the values reported for the active site of
tyrosine bound heme sites [59-61]. The C-O stretch at
1320 cm! is clearly observed in POR (Table 2, Intra L,,).

The vy vibration, which represents the Fe-N,
(Fe-pyrrole nitrogen) symmetric stretch, is observed at
400 cm™! for the S = 5/2 PIM (Fig. 8) [19]. Further the
Fe-N, . of the thiolate bound PPSR-yne is at 390 cm

pyr
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Table 2. 1R data of the synthetic complexes

Complex Fe-L(axial) Intra L,, ve,em! v, em! v, em’!
PIM 400 1360 1550
PSR 5C/HS 335, 369 624, 679, 765 391 1361 1554
PSR 6C/LS 339, 361, 421,467 676,770 387 1366 1566
POR 5C/HS 573,589 1320 395 1364 1555
POR 6C/LS 560 391 1368 1567

Fig. 8. 1R data in the low-energy region in THF at 77 K. Laser
excitation wavelength = 413.1 nm; power = 10 mW. Inset is

showing Fe-N,,, .. vibration

which is 5 cm™ weaker than the Fe-N, vibration of
the phenolate bound POR complex (395 cm™) [20]. The
data thus indicates that the Fe-N,,, vibration reflects the
relative donor strengths of the axial ligands between
complexes having the same spin states. The S = 5/2 PIM
complex, which has an axial imidazole ligand, has a
higher Fe-N,,, vibration relative to the S = 5/2 PPSR-yne
and POR complexes, which have a thiolate and phenolate
axial ligand, respectively, consistent with the fact that
the thiolate and phenolate axial ligands are much better
donor than imidazole. Similarly the Fe-N,,, vibration of
the LS PIM-MeOH, POR-MeOH and PPSR-yne-MeOH
complexes are at 395 cm’, 391 cm’ and 389 cm’,
respectively i.e. showing the same trend observed for the
5C HS complexes. DFT calculations have been utilized
to understand this effect in detail (vide infra).

(iii) Cyclic voltammetry

PIMhasanE,,of -0.58 V vs. Fc/Fc* in anon-coordination
solvent. The E,, of the thiolate bound iron porphyrin
complexes was found to be at -1.03 V i.e. ~500 mV more
negative compared to PIM in the non coordinating solvent
like THF or DCM [19, 20]. The POR complex was found to

Copyright © 2015 World Scientific Publishing Company

have an E,, of -1.14 V vs. Fc*/Fc (as an internal reference)
in these solvents. Thus the presence of the axial anionic
n-donor ligands like thiolate and phenolate lowers the Fe™"
potential by ~500 mV relative to the neutral ligand like
imidazole. Further the E,, of the phenolate bound POR
is 110 mV lower than the E,, of the thiolate bound PSR.
Interestingly, the lower E, , of the phenolate bound complex
relative to the thiolate bound complex actually reproduces
the lower E,,, of the 5C HS catalase site relative to P450
in aqueous solution [4, 35, 62]. Note that based on the
relative magnitude of the Fe-N,, vibration with an axial
thiolate ligand and having the lowest Fe-N,,, vibration (i.e.
weakest Fe-N,, bond) may have been expected to have the
lower Fe™™ E° of the three. Contrary to expectations, the
phenolate complex is found to have 110 mV lower Fe™" E°
than the thiolate complex. DFT calculations were found to
be very helpful in cogitating these unusual, if not counter-
intuitive, trends in the E, .

(iv) DFT calculations

In the absence of suitable quality crystals, the structure
of these complexes could not be determined. However
with the vast amount of spectral data available, one
could use DFT calculations to obtain an educated guess
of the three dimensional structure of these complexes.
Optimization of the geometry in the gas phase can
be performed using different functional. While most
functional will converge on a similar overall geometry,
there are always significant differences (up to 0.1 A) in the
optimized metal ligand bond lengths. We found solace in
the BP86 [63-65] functional as: (a) the calculated bond
lengths (Fig. 9, Table 3) are in good agreement with the
reported structures of active sites as well as those of the
synthetic model complexes [19] and (b) it reproduced the
experimentally observed vibrations [20].

(a) Vibrations. The calculated v, and v, modes agree
quite well when the BP86 functional is used (Table 4).
In particular, the calculated vg vibrations and the
experimentally observed trend, PIM > POR > PSR are
reproduced in the DFT calculations as well. These are not
that well reproduced in the B3LYP functional.

For the 5C HS PSR model, vibrations at 410, 369 and
308 ¢cm have contributions from the Fe-S stretching
mode and consistently a unique vibration is observed at
369 cm™ in the R spectrum of 5C HS PSR complex in THF

J. Porphyrins Phthalocyanines 2015; 19: 100-108
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Fig. 9. DFT optimized structures of complex (A) PSR; (B) POR; (C) PIM

Table 3. Optimized bond lengths (A) of the iron porphyrin models in their oxidized Fe(III) states

and relevant Mulliken charges

Geometry Mulliken charges

Fe-N,,, Fe-L* C-O Fe-O-C Fe-X,a Jre JorsiN

S=5/2 POR 2.08 1.84 1.33 145 1.54 -0.68
PSR 2.09 2.31 1.41 -0.41

PIM 2.05 2.08 1.52 -0.58

S=1/2 POR 2.00 1.81 1.35 128 2.10 1.26 -0.58
PSR 1.98 2.18 2.16 1.20 -0.33

*L = axial ligand coordinating atom S for PPSR-yne, N for PIM and O for POR.

[19, 35, 55]. The C-S stretching mode is calculated to be
at 629 cm™' and indeed there are several weak vibrations
observed for the SC PSR (not PIM or POR) complex in
this region. The 5C HS POR complex was characterized
by two vibrations in this region instead of one; at 573 cm’!
and the other at 589 cm™'. The DFT calculations indicate
that as a consequence of a wide Fe—O—C angle (140°),
the Fe—O vibration couples (calculated to be at 613 cm™)
with the v, bending mode of the phenolate (calculated to
be at 590 cm™) and are both observed in the experimental
spectrum. Enhancement of both the Fe—O and vy, of

Copyright © 2015 World Scientific Publishing Company

phenolate in the rR spectra is also observed for a bovine
liver catalases which has a Fe—~O—C angle of 143°.

(b) Ground state wave function. The DFT optimized
geometries for the HS and LS complexes are listed in
Table 3. The MO contributions (Table 5) of PSR in its
5C HS state reveal that the d;, orbital in the PSR model
has 28% S,, mixed into it while the d,> orbital has 26%
S;, mixed into it [19, 34, 66]. The GS wavefunction of
the 5C HS POR complex has 15% O,, mixed into the
d,/d,, orbital and 4% O,, mixed into the d,> orbital
[20]. The 5C HS PIM on the other hand has only 7%
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Table 4. Calculated vibrational frequencies (cm™)

Mode PSR POR PIM
R BP86 B3LYP* R BP86 B3LYP* R BP86 B3LYP*
v, 1554 1551 1477 1555 1550 1525 1551 1533 1482
V3 1451 1447 1421 1455 1458 1432 1461 1427 1420
v, 1361 1351 1326 1364 1351 1325 1361 1353 1308
Vg 391 378 373 395 382 378 400 384 366
c-0 1320 1286 1251 — — —
Fe-S 336 308 290
369 369 303
410 351
Fe-O — — — 573 590 574 — — —
589
614 600
*values obtained using B3LYP are scaled by 0.95.
Table 5. MO compositions of the § unoccupied orbital
Orbitals Orbital contribution
POR PSR PIM
Fey, Oy Ny Fey, Ss, Ny Fey, Ny Ny
deys 67.08 0.01 15.42 68.01 0.00 14.92 66.51 0.00 16.49
T 19.56 1.29 7.16 22.74 6.51 7.17 — — —
d, 55.06 3.66 5.19 45.34 15.87 5.84 66.6 6.69 6.19
dy, 61.81 9.19 1.89 53.48 28.64 1.8 72.1 0.91 2.89
d,, 64.44 5.55 1.84 70.54 1.03 1.52 71.22 2.29 3.1
d 90.44 0.04 043 89.47 0.42 0.42 85.49 0.08 1.32

Xy

imidazole nitrogen mixed into the d,> orbital with minor
1t contribution [10, 34].Thus the phenolate and thiolate
complexes form more covalent Fe-L. bonds with both
¢ and m contributions whereas PIM forms a weakly
covalent bond with mostly ¢ contribution. The strong
covalent charge transfer from axial ligand (thiolate and
phenolate) to Fe™ raises the energy of the Fe,, orbital
due to lowering of the Z.; on the Fe. This allows back-
bonding interaction between the occupied iron ¢, orbital
and the low-lying unoccupied porphyrin m* orbital.
The calculated wavefunctions clearly show that anionic
ligands like phenolate and thiolate show >20% d,,,,
mixing into the porphyrin ©* while the PIM complex
shows none. This back-bonding interaction stabilizes the
t, orbital (d,, and d,). This helps explain the fact that
while 6C Fe(IIl) porphyrin complexes bound to anionic
ligands like thiolate and phenolate and active sites of
cyt P450 and catalase show LS GS, the corresponding
6C Fe(Ill) porphyrin complexes bound to imidazole and
active sites of Hb/Mb stabilizes a HS GS state.

Copyright © 2015 World Scientific Publishing Company

(¢) Reduction potential. The experimental data
indicate that the Fe"™ E,, is most positive for the PIM
complex. The calculated potential, both in the gas phase
and after solvent correction, shows the same trend i.e. the
E,,, of PIM s significantly more positive than those of PSR
and POR. The fact that the E,, for a complex bound to a
neutral ligand (imidazole) is more positive than that of an
anionic ligand (phenolate and thiolate) is not surprising
and the reasons therein are well understood. What is
rather interesting is the observation that the E,,, for POR
is measured to be 110 mV more negative than that of PSR

Table 6. DFT calculated reduction potential in volt

Complex Potential (gas phase) Potential (DCM)
PSR -1.917 -0.784
POR -1.883 -0.791
PIM 1.065 0.085
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Table 7. Mulliken charges and electrostatic interaction energies

Fe™ Fe"
9re 9 TeL Eeee 9re dx TeL Eree AE.
Gas phase (e=1)
PSR 1.45 -0.37 2.31 -3.27 1.37 -0.49 2.36 -4.01 +0.74
POR 1.59 -0.62 1.84 -7.55 1.47 -0.62 1.90 -6.76 -0.79
In DCM solution (e = 8.9)
PSR 1.46 -0.44 2.31 -3.92 1.38 -0.59 2.36 -4.86 +0.92
POR 1.60 -0.64 1.84 -7.84 1.46 -0.64 1.90 -6.90 -0.94

[20]. Based on the calculated GS wavefunctions of POR
and PSR one would have possibly expected that the E,,,
of PSR which fashions a more covalent Fe—L,, bond (also
reflected in the vg) would be lower. Indeed the calculated
gas phase E,,, for PSR in 34 mV lower than that of POR
(Table 6). Interestingly, when solvation is included
(DCM) the POR complex is calculated to have a more
negative potential (7 mV) relative to the PSR complex;
qualitatively reproducing the experimental observation.
This reflects differences in the nature of bonding between
the PSR and POR complex.

The contribution of electrostatic interaction in
bonding energy (BE,,..) can be approximately estimated
by Coulomb’s law;

elec

BE e = ZoitZ ot /1pe 1. X 14.1 kcal/mol (1)

elec

The calculated Mulliken charges on the Fe and S
atoms for PSR and Fe and O atoms for POR in the gas
phase and after solvation are listed in Table 7.

The electrostatic interaction (E,,., Table 7) of the
oxidized state of POR complex is more than that of
PSR [20]. This is a result of the strong covalent bonding
between the thiolate sulfur and the iron in the oxidized
state which reduces the partial charges on the individual
centers and the shorted Fe—L bond length of the phenolate
ligand. However in the reduced state the E,,. is larger for
PSR. When the E,,.. for both the oxidized and reduced
states are considered, the electrostatic stabilization favors
the oxidation of POR complex by 1.53 Kcal/mol relative
to the PSR complex. This may be expected to lower the
reduction potential of the POR complex relative to the
PSR complex by 66 mV. The corresponding calculated E°
of the PSR is 34 mV more negative in the gas phase. This,
of course, represents the combined effect of the covalent
and electrostatic contributions to bonding. In this case the
large covalency of the Fe—S bond in the oxidized state,
as indicated in the reduction of the v, vibration and the
calculated GS wave function, results in a more negative
E° for the PSR complex relative to the POR complex.

The electrostatic stabilization increases in when a
PCM is used as the polarization of the environment
favors charge separation in the GS wavefunction. The

Copyright © 2015 World Scientific Publishing Company

enhanced electrostatic stabilization of the POR complex,
on including solvation, in its oxidized form relative to the
reduced form (0.94 Kcal/mol) is now expected to lower its
potential by 81 mV relative to the PSR complex where the
oxidized stateisnow destabilized by 0.92 Kcal/molrelative
to the reduced state. Thus the inclusion of the polarized
medium is expected to lower the E” of the POR complex
relative to the PSR complex 80 mV (1.86 Kcal/mol),
14 mV more relative to the gas phase. This is why a more
covalent ligand like thiolate has a more positive potential
than a less covalent ligand like phenolate in solution.

C. ELECTROCATALYTIC O,
REDUCTION

Rotating disc electrochemistry (RDE) is a convenient
approach for analyzing electrocatalytic currents using the
Kouteky—Levich equation [67]:

I =i (E) +i," (2)

where ix(E) is the potential dependent kinetic current, i,
is the Levich current given by:

i = 0.627FA[0,](Dgy)* 00y 3)

where n is the number of electrons transferred to
the substrate, A is the macroscopic area of the disc
(0.125 cm?), [O,] is the concentration of O, in an air
saturated buffer (0.26 mM) at 25 °C, D, is the diffusion
coefficient of O, (1.8 x 10° cm?s™) at 25°C, w is the
angular velocity of the disc, and v is the kinematic
viscosity of the solution (0.009 cm?.s) at 25 °C [68].

(i) PIM vs. PPSR

The slopes obtained from the experimental data for
PIM closely matches with the theoretical slope predicted
for a 4e” process (Fig. 10a, inset). However, for the PPSR
the slope corresponds to a (3.25 + 0.25)e” process on EPG
surface (Fig. 10b, inset). The values of n obtained indicate
that under very fast electron transfer O, undergoes almost
complete 4e” reduction to H,O by PIM but not by PPSR.
The intercepts of the K-L plots indicate that the 2nd order
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Fig. 10. LSV of PIM (A) and PPSR (B) physiabsorbed on EPG in air saturated pH 7 buffer at a scan rate of 50 mV/s at multiple
rotations using Ag/AgCl as reference and Pt wire as counter electrodes. K—L plots of the respective catalysts are given in black bold
line in the inset of the figures. The theoretical plots for 2e” and 4e” processes are indicated by the dotted and dashed lines respectively

rate of O, reduction is of the order of 10* for PIM and 10°
for PPSR [15, 69, 70].

(ii) Benzyl thiolate and phenolate

The RDE data of the complexes PPSR-yne and POR
(Fig. 11), physiadsorbed on EPG electrodes, indicate
that a normal substrate diffusion limited current is
observed below -0.4 V. The K-L plot indicates that the
experimental data matches closely the theoretical plot
for a 4e process. Thus the synthetic P450 mimic and
its phenolate analog can reduce O, by 4e/4H" when
absorbed on an EPG electrode. The 2nd order rate of O,
reduction for POR and PPSR-yne are obtained to be 10°
and 107, respectively [27].

EPG surfaces allow for very facile electron transfer to
the catalyst kgy > 10 87\, This is far from physiological
conditions where the electron transfer from the reductase
component to the active site varies between 4-1000 s™! in
different WT and mutant cytochrome P450 enzymes [71,
72]. Thus investigation of electrocatalytic O, reduction is
warranted under physiologically relevant slow electron
transfer rates. Hence, gain further insight into ORR
mechanism electrocatalytic O, reduction by PIM and
PPSR at fast (EPG), slow (C¢SH modified Au) and very
slow (C,,SH modified Au) electron transfer rates were
investigated [73].

When absorbed on a thiol self-assembled monolayer
(SAM) on Au electrodes, these constructs are not stable
enough to allow RDE investigations. Rather rotating ring
disc electrochemistry (RRDE) is utilized to investigate
these systems. In RRDE partially reduced oxygen species
(PROS) produced on the working electrode is detected on

Copyright © 2015 World Scientific Publishing Company

a Pt ring electrode, encircling the working disc electrode,
which is held at a potential where it can oxidize the
PROS produced to O, and this oxidation current can be
used to quantitatively determine the amount of PROS
generated during O, reduction [67]. PIM produces about
3.5 £ 1% PROS at pH 7 when physiabsorbed on EPG,
whereas, PPSR produces 19 = 1.5% PROS [15]. The
higher PROS produced in PPSR during O, reduction
implies less than 4e  reduction of O, on an average
consistent with the number electrons being less than
four in the RDE experiments of PPSR. The higher PROS
may reflect the higher frans effect of the thiolate ligand,
compared to the neutral imidazole ligand, which leads to
facile hydrolysis of Fe™ bound O, (oxy adduct) or OOH
(peroxy adduct) species resulting in H,0, (a 2e/2H*
reduction product) during ORR. When physiabsorbed on
C,«<SH SAM, where kg, ~ 36 s”', the catalysts show an
electron transfer limited catalytic current in contrast to
mass transfer limited current on EPG and C¢SH (kg ~
10° sy SAM. PIM produces 10 = 0.5% and 16 = 1%
PROS when physiabsorbed on C¢,SH and C,(SH SAM,
respectively [15]. Thus, with a decrease in the ET rate
an increase in the PROS formation is observed for PIM.
In the case of PPSR, a decrease in PROS formation is
observed with decrease in the ET rate from >10° s on
EPG to ~10° s and 3-6 s in CgSH and C,;SH SAM,
respectively (Fig. 12). When physiabsorbed on CgSH
SAM PPSR produces ~16 + 0.5% PROS, while in C,;SH
it shows about 11 = 1% PROS. Such decrease in PROS
with decrease in ET flux has not been observed before
i.e. this is an opposite trend compared to PIM or other
reported O, reducing iron porphyrin complexes. This
opposite trend in PROS production of PIM and PPSR

J. Porphyrins Phthalocyanines 2015; 19: 104-108



EFFECT OF AXIAL LIGANDS ON ELECTRONIC STRUCTURE AND O, REDUCTION BY IRON PORPHYRIN COMPLEXES 105

Fig. 11. (a) LSV data of the PPSR-yne catalyst (31) deposited on the EPG surface at multiple rotations in pH 7 buffer, using
100 mM KPF;as supporting electrolyte and Pt and Ag/AgCl as counter and reference electrode respectively (top). (Inset) CV of the
PPSR-yne catalyst (31) at 2 V/s scan rate. (b) K-L plot of the PPSR-yne catalyst (31) (black bold line). The theoretical plots for the
4e and 2e processed are indicated by dotted and dashed lines (bottom). (c) LSV data of POR catalyst. (Inset) CV of the catalyst in
N, atmosphere at 50 mV/s. (d) K-L plot of the catalyst in C (red bold line). The theoretical plots for the 4e and 2e processed are
indicated by dashed blue and red lines, respectively

Axial ligands Imidazole Phenolate Aliphatic thiolate Benzylic thiolate
Spin 5/2 5/2 5/2 5/2
E (mV vs Ag/AgCl) 308 -300 -263 -200
Keat (M1S7) 5x 10* 3.8x10° ~10% 5.6 x 10°
Ecat (MV vs Ag/AgCI -400 -400 -400 -400
PROS (kgr = 103 S™) 10% 6% 16% 13%

(keT = 4-6 S7) 16% 10% 11% 22%

Fig. 12. Active site models of iron porphyrins without any distal substituents. The values of imidazole bound complex are obtained
from references

suggests that these two complexes, differing in the axial =~ experiments were performed. The presence of the terminal
ligation, reduce molecular O, in different mechanistic ~ alkyne group on the PPSR-yne complex allows a covalent
pathways. attachment of this complex to the surface. Thus the

To compare the role of ET rate in the selectivity of =~ PPSR-yne complex was covalently attached to a mixed
O, reduction of the PPSR-yne and POR complex, RRDE = SAM containing 10% of azide terminated thiols where
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the rate of electron transfer can be attenuated by varying
chain length of the thiol used. Naturally such experiments
could not be performed with the phenolate bound model
which does not bear a terminal alkyne group and thus
these experiments were performed by physiadsorbing
this complex on C¢SH and C,;SH SAM akin to PIM and
PPSR. The benzylic thiolate bound PPSR-yne complex
show 13% and 22% PROS on C4SH (kg ~ 10° ) and
CSH (kgr ~ 3-6 s) SAM, respectively (Fig. 12) [27].
This is in sharp contrast to the aliphatic thiolate bound
PPSR complex which in fact shows reduction in PROS
with decrease in ET rate. The POR complex shows very
little effect of ET on PROS production as even on C,,SH
SAM surface the PROS are only 10%!

CONCLUSION

The effect of axial ligand on the reactivity of iron
porphyrin complex has been an interesting area of
inorganic chemistry, inspired by the diverse reactivity’s
exhibited by heme cofactors with varying ligation, which
has attracted synthetic chemistry and spectroscopists alike.
Several previous groups have investigated potential effects
of change in axial ligation on catalytic substrate oxidation
using per-acids, peroxides, efc. (analogous to the peroxide
shunt in cyt P450) [11, 74-77]. We have, over the last few
years, investigated the effect of changes in axial ligation in
ORR [15,27]. ORR by definition included the O, activation
process and hence helps investigate the effect of axial
ligation on O, activation as well [50]. These differences
in O, activation and reduction were rationalized with
spectroscopic investigations of the GS properties of ferric
porphyrin complexes and DFT calculations.

Geometry optimized DFT calculations reproduce the
experimental results and trends and provide rationale,
based on GS wavefunctions of PIM, POR and PSR,
behind these observations [20]. Overall these calculations
suggest that while imidazole acts mainly as a neutral ¢
donor, both phenolate and thiolate are anionic ligands
with significant ¢ and anisotropic m-covalency associated
with them. The thiolate ligand is found to be substantially
more covalent than the imidazole and significantly
more covalent than the anionic phenolate as well. Thus
the residual electron density is greater in the phenolate
than the thiolate in the complexes anionic ligands. The
greater electron density on the phenolate oxygen and
the shorter Fe—O bond (relative to a Fe—S bond) results
in greater electrostatic contributions to Fe—-O bonding
relative to Fe—S bonding [19, 20]. Comparison of any
spectroscopic, electrochemical and chemical properties
of these complexes, thus, require due consideration of
electrostatic and covalent contributions to them. Consider
the fact that analogous to metal ligand bonding, one can
envisage electrostatic and covalent contributions to the
“push” effect. The spectroscopic data (Vg in rR) on PIM,
POR and PPSR (or PPSR-yne) clearly show that the
covalent donation PIM < POR < PSR i.e. the thiolate is

Copyright © 2015 World Scientific Publishing Company

the strongest donor of the three [20]. Covalent donation
from phenolate and thiolate result in stabilization of the
LS GS in MeOH bound 6C POR and PSR, respectively,
where the analogous MeOH bound PIM is HS. Similarly
the lower potentials of both POR and PSR relative to
PIM reflect the role of anionic ligands. Alternatively, the
greater electrostatic contribution to bonding in the ferric
phenolate complex (i.e. less covalent relative to thiolate)
is readily presented in the lower Fe™" E° in the phenolate
complex relative to the thiolate bound complex in a non-
polar solvent in spite of having a less covalent bond with
the Fe in the phenolate.

The rate of ORR by the imidazole, thiolate and
phenolate bound iron porphyrin complexes can be
compared to each other. These complexes do not bear
any distal super structure and only vary in their axial
ligation allowing unambiguous comparison of the effect
of the three axial ligands. Compared to a neutral ligand,
imidazole, the k, is one order of magnitude higher in the
phenolate bound complex and two orders of magnitude
higher in the thiolate bound complex. If these results
are viewed in the context of the “push effect” of these
trans axial ligands on the mechanism of O, reduction, a
general trend presents itself. The heterolytic O—O bond
cleavage in a Fe™-OOH intermediate species, formed
during O, reduction, is likely to be faster in PPSR and
POR complexes bearing anionic thiolate or phenolate
axial ligand relative to PIM bearing a neutral imidazole
ligand, as the additional negative charge in POR it will
increase the pK, of the bound "O,H. However the fact that
the thiolate bound complex has a k , which is an order
of magnitude higher than the phenolate bound complex
clearly reflects a role of higher covalency of the Fe-S
bond, reflected in the lower vy in the rR data, in addition
to the anionic nature of the thiolate axial ligand. These
data helps quantify this “push effect” and clearly suggests
that, of the three known ligands that bind heme in nature,
the thiolate has the greatest push effect promoting
enhancing the rate of O—O bond cleavage by 100 times
relative to a neutral ligand and 10 times relative to an
anionic less covalent phenolate ligand. It also elucidates
that there are both electrostatic and covalent contributions
to the “push” effect which needs to be considered when
rationalizing the role of axial ligands.
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ABSTRACT: This review article briefly describes: (a) the advantages in developing multifunctional
nanoparticles for cancer-imaging and therapy, (b) the advantages and limitations of most of the
porphyrin-based compounds in fluorescence imaging and photodynamic therapy (PDT), (c) problems
associated with current Food and Drug Administration (FDA) approved photosensitizers, (d) challenges
in developing in vivo target-specific PDT agents, (e) development of porphyrin-based nuclear-imaging
agents (PET, SPECT) with an option of PDT, (f) the importance of light dosimetry in PDT, (g) the role
of whole body or local hyperthermia in enhancing tumor-uptake, tumor-imaging and phototherapy and
finally, (h) the advantages of photosensitizer-gold nanocages (Ps-Au NC) in photoacoustic and PDT.

KEYWORDS: photodynamic therapy, nanoparticles, nanoplatforms, cancer-imaging, multimodality
agents, theranostics, fluorescence, nuclear imaging, magnetic resonance imaging.

INTRODUCTION

The idea of having a single agent that does “all” is
the pinnacle of personalized medicine. An agent that
allows for visualization of the problem while having
the ability to treat the condition is always promising
and advantageous. If the agent also has the property to
help monitor the response of treatment, that helps with
the analyzing the outcome of the treatment. Theranostic
research is the area of science trying to integrate
therapeutic applications with diagnostic imaging [1, 2],
and it requires a strong interaction between various
disciplines (Fig. 1). For selecting a particular cancer
treatment modality, diagnostic agents play an extremely
important role. Before initiating treatment of cancer, it is
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important to understand the location of the tumor, identify
the type of cancer, its boundaries, and whether the disease
is localized or has metastasized to other organs. Once, the
nature of the disease is known, best available treatment
options could be selected for controlling the spread of
the disease.

The ability to deliver contrast or therapeutic agents
selectively to tumors at effective concentrations is a key
factor for the efficacy of cancer detection and therapy.
In current cancer treatment modalities, the diagnosis and
treatment are done separately. This leads to the problems
of selectivity with respect to tumors and differences in
the biodistribution of the agents within the body.

The theranostic agents can be comprised of chemothera-
peutic drugs, radioactive compounds, and/or antibodies
targeting the vasculature of the tumor or targeting key
pathways required for the growth of the tumor. Gene
therapy involving delivery of siRNA, plasmids, antisense
oligonucleotides, ribozymes, DNAzymes, viral vectors
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Fig. 1. Various fields encompassing development of theranostics
for cancer. Methods 2011; 55: 193-195

delivering DNA and RNA to tumor cells are also
currently under research for theranostic applications [2].
Nanoparticles such as gold nanorods and nanoshells
(Aurolase®) are therapeutic in nature by themselves and
can lead to tumor destruction by a photothermal effect [3].
This effect is seen wherein light activation of the nano-
particles leads to generation of heat which causes tumor
ablation. A similar effect is also seen by use of magnetic
nanoparticles as well. Das et al. have shown the use of
magnetic nanoparticles loaded with a fluorescence dye
(RITC) along with methotrexate and a folate moiety
to target tumors overexpressing the folate receptor [4].
Imaging of tumors involves use of modalities that help
understand the anatomical as well as physiological nature
of tumors. These range from use of fluorescence probes
for image guided surgical resection of tumors, various
radionuclides for Positron Emission Tomography (PET)
or Single Photon Emission Computed Tomography
(SPECT). The other commonly used imaging modality is
Magnetic Resonance Imaging (MRI) which provides high
spatial resolution and functional information about soft
tissues.

Theranostic agents are generally classified into two
groups based of their mode of design. The first approach
is the use of nanoparticles which can be functionalized
with a variety of imaging and therapeutic moieties for
use as theranostic particles [4, 5]. The properties offered
by nanoparticles allow for their use as agents to carry
both imaging as well as therapeutic drugs. The main
advantages of using nanoparticles include their size
(in 10-100 nm range), which delays their clearance
from the body allowing for increased circulation time.
Nanoparticles are capable of delivering good payload
of material to the site of the tumor because they escape
into the tumor microenvironment as a result of the leaky

Copyright © 2015 World Scientific Publishing Company

vasculature within the tumor. The Enhanced Permeability
and Retention (EPR) effect is the property by which
nanoparticles such as liposomes; gold nanoparticles, efc.
tend to accumulate more in the tumor tissues as compared
to normal tissues. Tumor tissues have poor lymphatic
drainage and this allows for retention of the nanoparticles
post extravasation. Nanoparticles also have a high surface
to volume ratio; this is advantageous as they can be loaded
with large amount of drugs for delivery to the tumor. This
allows for simultaneous loading of both diagnostic as well
as imaging agents. Nanoparticles are easily customizable
and allow for surface functionalization with targeting
ligands for increased tumor specificity; can be surface
coated with polymers such as polyethylene glycol (PEG)
[5] or poly(lactic-co-glycolic acid) (PLGA) [6, 7] for
increased circulation times. Nanoparticles also allow for
efficient loading of imaging as well as therapeutic agents.
It is possible to control the ratio of the imaging agent to
the therapeutic agent using nanoparticle chemistry. It has
been shown that it is possible to have a single nanoparticle
formulation carrying high payload of the therapeutic drug
and a lower dose of the imaging agent. Also, theranostic
nanoparticles can be modulated to release the drug at site
of tumor based on tumor microenvironment conditions,
e.g. peptide linkages that can be cleaved by matrix
metalloproteinases (MMP’s) [8—10], which are normally
abundant in a variety of tumors. Finally, nanoparticles can
also help in delivery of drugs difficult to formulate within
water-based solutions, by encapsulation or protective
biopolymer coating [6].

In spite of all the advantages provided by nanoparticles,
they are still lacking certain properties crucial for which
their application in clinical use. The use of nanoparticles
for development of theranostics has mainly focused
on improving the sensitivity or increasing the image
resolution. Macrophages and other phagocytes readily
engulf most nanoparticles. This leads to accumulation
within the liver, the spleen, and the lymphatic system.
The long-term safety of nanoparticles and their clearance
from the various organs is still not well-understood.
There have been issues with the toxicity induced by
nanoparticles after administration. Quantum dots, which
are comprised of cadmium salts, might induce toxicity
if released in serum after injection [11-14]. Another
concern is that the shape and size of the nanoparticles
can induce adverse effects on various types of the cells.
Different types of nanoparticles have been shown to
be cytotoxic to human cells, induce oxidative stress, or
elicit an immune response. Lastly, there have been few
nanoparticles including Abraxane [15] that have been
approved by various health organizations for use in clinic
or are under clinical trials (Table 1).

Another approach to develop theranostic agents
involves synthesizing a single agent that offers both
therapeutic as well as imaging capabilities. The number
of single agents which can serve this purpose are few in
the literature. Most of the chemotherapeutic agents are
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not good candidates for synthesis of theranostic agents as
the amount of drug required is far higher than the imaging
dose, and are not tumor-specific. Attaching tumor-
targeted molecules to chemotherapeutic drugs alters their
pharmacokinetic profiles with reduced tumor-specificity
and long-term survival. Antibodies are a class of molecules
which have shown promise as theranostic agents, but they
are economically expensive. On the other hand, certain
tumor-avid porphyrin-based photosensitizers have the
ability to fluoresce when excited by light. This provides
an opportunity for tumor imaging prior to or after the
therapy. Porphyrin molecules also allow for attaching
tumor targeting moieties at the peripheral position(s) to
develop tumor specific theranostic agents.

Photodynamic therapy: A brief history

Photosensitizers are a class of compounds which have
been known in the literature for a long time and are being
used for the treatment of various medical indications.
The earliest record of use of light sensitive compounds
comes from ancient texts of the Chinese, Romans and
Greeks who used the dyes for treatment of various
dermatologic conditions. In the early 1900’s, when there
was a lot of interest in light therapy, Finsen demonstrated
the first example of phototherapy by using UV light to
irradiate lupus vulgaris. Raab’s research investigated the
link between light dose and extent of treatment when
using light reactive dyes (acridine orange) for destruction
of protozoans such as paramecium [16]. He showed that
with more the light given to the paramecium, more was
the damage. The first example of use of light to treat
cancer was seen in the work of Tappeiner and Jesionek
[16]. They used a variety of fluorescent compounds
such eosin, fluorescein and others for topical treatment
of human skin cancers. Most of the compounds used
for phototherapy were not successfully transferred to
the clinic because of the high skin phototoxicity and
low tumor specificity. A new class of photosensitizers
derived from hematoporphyrin showed great promise
for clinical photodynamic therapy. These compounds
showed selectively for tumor tissues. Dr. Lipson and
others showed that breast cancer patients responded
well to treatment when injected with HpD, an oligomer
of hematoporphyrin [17]. But, the mechanism of tumor
destruction was not clear. A short time later, Weishaupt
et al. [18, 19] showed that photodynamic effect was
due to the destruction of tumor cells by singlet oxygen,
which is generated as a result of photochemical reaction.
When light is absorbed by the photosensitizer, it goes
to a excited state, which converts the molecular oxygen
in proximate tissue to singlet oxygen, a highly reactive
species responsible for the cytotoxic effect. Dougherty’s
initial work at RPCI, Buffalo, NY in early 1980’s on a
derivative of HpD lead to the development of Photofrin®
[20-26]. Photofrin® was eventually approved by the
FDA for the treatment of various types of cancers such
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as esophageal, certain skin cancers, head/neck cancer
and early to late stage lung cancers. Photofrin® is often
classified as the first generation photosensitizer. However,
Photofrin suffers with some limitations; e.g. long-term
skin phototoxicity, relatively limited tumor specificity
[27, 28] and its inability to treat large and deeply rooted
tumors.

It is also important to understand that photodynamic
therapy is still not considered a mainstream form of
cancer therapy. Most clinicians still consider PDT to be
an adjuvant to radiation and chemotherapy, however,
the development of new photosensitizers with improved
properties could allow for its acceptance by more
clinicians and pharmaceutical companies.

Basics of photodynamic therapy

PDT is a 2-stage procedure (Fig. 2). It consists of
administering the photosensitizer formulation by intra-
venous (i.v.) or intraperitoneal (i.p.) injection and waiting
for a certain period of time to obtain the maximum
uptake of the photosensitizer in tumor with a significant
difference in accumulation between the normal and
malignant tissue [29]. The tumors are then exposed with
local light treatment, which certainly limits systemic
toxicities. However, this also prevents the treatment
of metastatic lesions, which are the most frequent
cause of death in cancer patients. Therefore, efforts are
currently underway to investigate the combination of
PDT with chemotherapy, radiation, surgery and other
cancer treatment modalities. For example, in treating
glioblastoma, surgery in combination with PDT has
provided long-term survival to patients with improved
quality of life. This approach is also being used in treating
bulky tumors.

Mechanistic studies on PDT have suggested that
the vascular damage combined with the necrotic cells
present at the tumor site leads to inflammation activating
the immune system. This leads to development of anti-
tumor immunity both systemic as well as local. Recent
findings show that certain PDT induced apoptotic cell
death mechanisms are highly immunogenic and capable
of driving antitumor immunity as well.

The three major components of PDT are: (i) a
photosensitizer (drug), (ii) appropriate wavelength of
light and (iii) molecular oxygen (°0,). Current research
is focused to improve PDT efficacy by optimizing the
treatment parameters which could make the best use of
these key components.

Singlet oxygen

Singlet oxygen is the main mediator of tumor
cell killing and subsequent effects following the
photochemical reaction. The photochemical reaction
can be explained by using Jablonski diagram (Fig. 3),
which links all the components involved in PDT. Briefly,
following the absorption of light, sensitizer is transformed
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Fig. 2. The Principles of Photodynamic Therapy (PDT). A photosensitizer (PS) is administered systemically or topically. After
a period of systemic PS distribution it selectively accumulates in the tumor. Irradiation activates the PS and in the presence of
molecular oxygen triggers a photochemical reaction that culminates in the production of singlet oxygen ('0,). Irreparable damage
to cellular macromolecules leads to tumor cell death via an apoptotic, necrotic, or autophagic mechanism, accompanied by induction
of an acute local inflammatory reaction that participates in the removal of dead cells, restoration of normal tissue homeostasis, and,
sometimes, in the development of systemic immunity. Source: CA Cancer J. Clin. 2011; 61: 250-281

Fig. 3. Simplified Jablonski diagram. Source: CA Cancer J. Clin. 2011; 61: 250-281.

from its ground singlet state to an electronically excited
triplet state via a short lived excited singlet state. This
triplet state can also readily decay back to ground state
through phosphorescence. Alternatively, it can transfer
its energy to molecular oxygen (°0,), thereby generating
singlet oxygen ('0,) [30]. This reaction is called a Type 11
reaction (Fig. 3). The excited PS in the triplet state
can also transfer the energy to any organic molecule

Copyright © 2015 World Scientific Publishing Company

in the vicinity (Type I reaction). This leads to transfer
of hydrogen radical or an electron to generate toxic
ions such as superoxide radical or hydrogen peroxide
which can undergo spontaneous reduction into hydroxyl
ion (OH). It is presumed that the Type II reaction
is most predominant of the photochemical reaction
[31]. But under hypoxic conditions, it is presumed
that there would be more of a Type I type of reaction.
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Another phenomenon which occurs during PDT is the
destruction of the photosensitizer by the singlet oxygen
named as photobleaching [32-35]. The lifetime of
'0, is very short (approximately 10-320 nanoseconds,
depending on the environment), limiting its diffusion
to only approximately 10 nm in cells [36, 37]. Thus,
the destruction of cellular organelles generally happens
very close to photosensitizer and is determined by its
intracellular localization pattern [38].

A large number of laboratories have focused their
attention in determining a correlation (if any) between
the photosensitizers site(s) of localization and long-
term PDT efficacy. Mitochondria have been proposed
as a major subcellular target of the photodynamic effect,
although other reported target organelles include plasma
membranes, lysosomes and nuclei. It was reported
that photodynamic treatment can also result, directly
or indirectly, in damage to DNA. However, there is
evidence that such damage may not necessarily be lethal
to tumor cells. Vascular shutdown has been shown to be
a major contributor for PDT efficacy. Other tumor-killing
mechanisms induced by PDT as proposed by various
research group include direct cell kill and apoptosis [29].

Light and light dosimetry

Light is an essential component of PDT, and required
for activation of the photosensitizer. The wavelength of
light used for PDT is usually the longest wavelength in the
absorption spectrum of the photosensitizer. Wavelengths
of most commonly used photosensitizers range from
600—800 nm to offer adequate light penetration into tissue.
It is also important to note that certain tumors such as
melanomas are highly pigmented and absorb most of the
light which limits the use of PDT for such indications [39].

It is well-established that light at longer wavelength
region (700-800 nm) penetrates deeper in tumor-tissue.
Therefore, in recent years the emphasis in designing photo-
sensitizers has been focused on long wavelength tetra-
pyrrolic compounds related to chlorins, bacteriochlorins,
phthalocyanines and extended porphyrins (41).

The most frequently light sources for PDT are lasers.
They produce highly coherent monochromatic light that
can be focused, passed down an optical fiber and directly
delivered to the target site through a specially designed
illuminator tip. Recently, there has been a lot of interest
in light emitting diodes for clinical use as they are readily
available and relatively economical. They are easily
automated, can be calibrated before and during PDT and
have long shelf life. They can be designed to deliver light
within a very narrow spectral band and with high fluence
rates. Also, recent advances in the field have allowed for
attachment of cylindrical or spherical diffusers so as to
adjust the power of light being delivered through the fiber.
Fibers are also easier to attach to endoscopes used routinely
in gastroenterology and could help in detection and
subsequent treatment of colon polyps and bile duct tumors.

Copyright © 2015 World Scientific Publishing Company

Light dosimetry is another important factor that makes
a remarkable difference in PDT treatment efficacy. It
includes two parameters: light fluence and fluence rate.
The light fluence is the total energy of exposed light
across a sectional area of irradiated spot (energy per
unit area exposed to light, J/cm?). The fluence rate is the
radiant energy incident per second across a sectional area
of irradiated spot (power per unit area of light, W/m?,
1 W =1 J/s). To give the same fluence (dose) of light,
the lower the fluence rate used, the longer exposure
time is required. Clinically, high fluence rates are
usually chosen to reduce treatment time. However it was
reported that high fluence rate may not be appropriate
for eliciting the optimal PDT effect. The current standard
procedures for PDT dosing can be found in the American
Association of Physicists in Medicine report 88 [42].
The overall goal of the PDT dosimetry is to reach the
threshold level so as to initiate tumor cell death. The
light fluence rate used during the treatment determines
the rate of oxygen consumption in tumors. High fluence
rates would excite more photosensitizing molecules
simultaneously, thereby consume a significant part of
available oxygen. It is possible that in such cases single
treatment might not be efficient enough as reported by
Wilson et al. [42]. When fluence rates are high enough,
depletion of oxygen can occur to such an extent that
it results in a reduced photodynamic effect since there
is not an effective production of the cytotoxic species.
Low fluence rates might be better suited to achieve more
tumor kill as the treatment is prolonged and so the tumor
is exposed to more singlet oxygen, especially in hypoxic
tumors. Lower fluence rates also help in damaging the
vasculature supplying oxygen and nutrients to the tumor.
New research in PDT dosimetery provides support for
fractioned and metronomic PDT [43]. This involves
irradiating the tumor for periods of time at a low fluence
rate and stopping in between to allow the tumor to
recover and be re-oxygenated. This also translated to
better treatment response in the clinic. In cases of actinic
keratinoses, fractioned PDT with ALA-PDT has shown
good clinical response [44—47].

Studies are underway in several laboratories to develop
oxygen diffusion models in which lower fluence rates
generate singlet oxygen more efficiently so that the tumor
is exposed to more singlet oxygen over longer periods
of time. Overall, it is critical to understand the kinetics
of oxygenation in response to PDT treatment and light
dosimetry to better develop optimized PDT protocols.
It is also important to understand the role that tissue
oxygenation and light dosimetry play in photobleaching
of photosensitizers; and these are currently active fields
of research in PDT.

Photosensitizers

Photosensitizers are the most important component
of PDT as they are the drugs required for PDT to take
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place. While photodynamic therapy has been studied
for many years, it is still being optimized. Most of the
photosensitizers used have tetrapyrrole structures.
An ideal photosensitizer should have the following
properties.

1. It should have significant singlet oxygen producing
ability, a key component for the destruction of tumor
cells [48, 49].

2. Unlike Photofrin and Foscan, it should have limited
skin phototoxicity.

3. Its longest wavelength should be in the range of
650-800 nm. Porphyrin based photosensitizer have
a strong absorption band around 400 nm called
the “Soret” band, and a satellite absorption band
(Q-band, the longest wavelength peak between
600 and 800 nm). Only the Q-band is useful for
PDT treatment with regards to light penetration in
tissue.

4. Pandey et al., in a series of pyropheoporbide, purpuri-
nimides and bacterio purpurinimides have shown that
overall lipophicility makes a significant impact in the
ability of a photosensitizer to accumulate within the
tumor, which correlates to PDT efficacy [50].

5. Unlike Photofrin, which is a chemically complex
mixture, the photosensitizer should be chemically pure,
which would help to determine the precise mechanism,
PK/PD and toxicity profiles of the molecule.

6. A good photosensitizer should also be easy to
synthesize and the starting material should be readily
available. This will make PDT more economical.

7. Lastly, but very importantly, an effective photo-
sensitizer should show high tumor selectivity.

To date, many photosensitizers have been developed
(Table 2) and investigated but none have demonstrated
all of these ‘ideal’ properties. Future development of
photosensitizers that possess all or a majority of these
characteristics will have significant impact on the efficacy
of PDT.

There are two classes of photosensitizers being used
for treatment of cancer. The first class incorporates
endogenous photosensitizers and includes those which
are present or formed inside the body. These include
coproporphyrin, uroporphyrin and protoporphyrin IX,
a precursor for heme biosynthesis and are derived from
d-aminolevulinic acid (ALA). The second category
of PDT agents belongs to exogenous photosensitizers
including the hemetoporphyrin derivative (HpD) and
its purified version Photofrin®. The limitations of these
agents as discussed before prompted researchers to
develop more effective second generation PDT agents,
with reduced skin photosensitivity and longer wavelength
absorption [51]. These sensitizers were synthesized from
various tetrapyrrole ring structures, e.g. porphyrins,
chlorins, phthalocyanines, porphycenes, pheophorbides,
purpurins and bacteriochlorins & bacteriopurpurins [52,
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53]. The inherent highly conjugation ring structure of these
molecules allows for absorption of light in the visible and
red regions of the spectrum.

The exogenous photosensitizers used in a number
of studies by Roswell Park group are derived from
chlorophyll-a and bacteriochlorophyll-a. Among the
chlorophyll-a analogs, the 2-[1-hexyloxyethyl]-2-devinyl
pyropheophorbide-a (Photochlor or HPPH) [54, 55] is
currently undergoing Phase II human clinical trials of
head and neck cancer [56]. HPPH shows a slow clearance
from the plasma [57], and when this photosensitizer was
administered at clinically relevant doses, it was found to
have a reduced period of skin sensitivity (five to six days)
compared to Photofrin which shows skin phototoxicity
for about six to eight weeks following administration
[28]. HPPH is superior to Photofrin in that the
absorbance maximum is around 660-665 nm, allowing
for deeper tissue penetration of light [58]. In contrast to
many porphyrins and chlorins (one of the pyrrole ring
of the tetrapyrrolic system is reduced) analogs, HPPH
shows two distinct fluorescence peaks (at 675 nm and
710 nm). Thus it presents an opportunity for being used
as a fluorescence imaging agent at near infrared region
(excitation at 665 nm and emission at 710 nm).

One of the second generation photosensitizers,
Verteporfin (QLT Photo Therapeutics, Ciba Vision),
causes less skin photosensitivity than porfimer sodium
(Photofrin). It is approved for treatment of age related
macular degeneration (AMD) worldwide [59, 60] and is
finding use clinically for treatment of other indications
such as antibacterial PDT. Itlocalizes in tumor vasculature
very quickly after i.v. injection, and accumulates in
tumor vessels 10—-15 min post-injection. It is currently
being explored for the treatment of a variety of other
tumors such as pancreatic, prostate, ovarian cancers efc.
[61-63]. It is proposed that Verteporfin might be effective
for treatment of highly vascularized tumors because of its
affinity for tumor vasculature.

de Visscher et al. analyzed the clinical trials data
conducted with Foscan (m-THPC) [64-66]. It showed
good response for treatment of actinic keratosis and
Bowen’s disease. It was also shown that Barrett’s
esophagus, which is a precursor for developing
adenocarcinoma could be effectively controlled by use
of mTHPC-PDT. In fact it worked almost 40-50 fold
better than ALA or Photofrin when used to treat high
grade dysplasia or carcinoma. It cleared almost 100%
of the early stage lesions. Recent work also showed that
Foscan was effective in combination with surgery or
chemotherapy for treatment of malignant mesothelioma
[67, 68].

SnEt2 (Purlytin) is another sensitizer which was found
to be very promising clinically as PDT agent but was
reported to be unstable in vivo. The resulting metabolite
after the breakdown was found to be toxic. Radachlorin
is a mixture of multiple chlorins and has limited
application. Not much clinical data are available on other
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photosensitizers listed in Table 1 except for TOOKAD, a
Pd-bacteriochlorin-based photosensitizer, which exhibits
100% singlet oxygen generation with limited fluorescence
property. It has an extremely fast clearance from the body
ranging from 2-3 h following injections, and shows low
skin photosensitivity (69). Itis currently being investigated
for treatment of prostate adenocarcinoma and other
indications. Despite its high singlet oxygen producing
ability, TOOKAD does not retain in tumor for a long time
and needs simultaneous perfusion and light treatment. A
short treatment window associated with TOOKAD limits
its utility in clinical PDT. A list of the photosensitizers
approved by the FDA or are at various stages of clinical
trials are listed in Table 2.

Tumor targeting and photodynamic therapy

In spite of all the advances in the development of 2nd
generation photosensitizers for improving the singlet
oxygen yield and the light absorption of the PS at the
near infrared region of the spectrum, there are still
limitations to the use of PS for conventional treatment
of cancers. One of the main problems has been the
nonspecific localization of PS which often leads to
incomplete treatment outcomes and unintended toxicity
to normal tissues following exposure to light irradiation
during PDT.

Numerous attempts have been made to improve
the specificity of the photosensitizers. Structure
activity relationship studies have focused on altering
the hydrophobicity or liphophilicity of the newer
photosensitizers so as to increase their uptake within
the tumors [50]. There are several published studies that
have used various types of nanoparticles to improve the
delivery of desired agent(s) to tumor site. These include
but are not limited to polyacrylamide nanoparticles [70]
silica based nanoparticles [71], gold nanoparticles [72]
and liposomal formulations, efc. [73]. The nanoparticles,
in general are useful in delivering the highly hydrophobic
porphyrin-based agents to tumors, but the long-term tumor
response (cure) outcome has not improved significantly
over the free drug formulations. Therefore, a number of
target-specific strategies for PDT have been developed
to improve PS specificity for diseased tissue. These
include conjugation of photosensitizers or nanoparticles
containing the PDT agents to a variety of compounds
ranging from antibodies targeting overexpressed
reporters on the tumor cell surface, ligands binding cell
surface proteins and carbohydrate moieties targeting
various transporters. DNA based oligonucleotides have
also been used for the conjugation with photosensitizers
for development of target sensitive photosensitizers.
Low density lipoprotein has been conjugated to various
photosensitizers to target LDL receptors which are in
abundance in certain tumor types [74].

In recent years, attempts are underway to improve
upon the limitations of the 2nd generation PS which

Copyright © 2015 World Scientific Publishing Company

mainly involves the tumor specificity and PDT efficacy
of the PS (Table 3). The goal of the using targeting agents
has been to increase the uptake of the drug within the
tumor region relative to the normal tissues. For designing
a tumor-specific agent a lot of factors play key roles
and should be considered. First and foremost is that the
agent should have desired photophysical properties, and
the tumor-targeting moiety should show higher tumor-
specificity. The attachment of a targeting agent should
not increase the aggregation of the photosensitizer
and the in vivo activity should be maintained. Such a
system is often difficult to develop because of tumor
heterogeneity, which is characterized by uncontrolled
proliferative growth and the unwanted spread of aberrant
cells from their site of origin. Such a vast diversity in
tumor environment presents a tremendous challenge in
development target-specific agents.

One of the first agents to be used for developing a
targeted photosensitizer involved the use of antibodies
[69]. This approach consists of linking photosensitizer
with monoclonal antibodies (MAb) against specific
antigens of tumor cells. A number of tumor specific
markers have been identified on the surface of the
cancer cells and MAbs are available to target many
of them. It is also thought internalizing MAbs can be
more useful unlike non-internalizing Abs. A study
showed that the hydrophilic PS TrisMPyP-Phico(2)H
when conjugated to the internalizing antibodies cMAb
U36 or mMAb 425, showed good PDT efficacy in
A431 cells unlike free drug alone or when conjugated
to non-internalizing Ab [75-77]. Hasan et al. [78] have
developed monoclonal Ab targeting the overexpressed
EGFR (Epidermal Growth Factor receptor), which is
normally highly expressed in a variety of cancers such
as pancreatic, head and neck, and other oral cancers.
Conjugation of EGFR targeting MAb to chlorin e6
or Visudyne (BpD) improved PDT efficacy in EGFR
overexpressing A431 cell line and OVCAR-5 cell lines
[78]. Kobayashi et al. used Trastauzumab targeting
the HER-2 receptor in combination with hydrophilic
phthalocyanine based photosensitizer and achieved
excellent selectivity and high PDT efficacy as compared
to free phthalocyanine [79].

Certain carbohydrates have long been a focus of
research in developing agents to target cancers as almost
all tumors require a high amount of energy, more so
in the absence of oxygen, sugars can be metabolized
through non-tricarboxylic acid (TCA) cycle to generate
ATP for growing tumor cells. Sugars such as glucose,
galactose, lactose and fructose have been used for
development of targeted agents. Fluorodeoxyglucose
labeled with '®Fluorine is used universally for Positron
Emission Tomography (PET) for early tumor detection.
With the simple chemistry available for conjugation
of sugar moieties to either chemotherapeutic drugs or
imaging compounds, it is possible to develop targeted
photosensitizers conjugated with sugar moieties [80—82].
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Table 3. Disease-targeted constructs for PFD and PDT, showing the targeting moiety, imaging agent, and

biological application

Source: Chem. Rev. 2010; 110: 2795-2838.

Multi-modality imaging

Imaging can play an important role at every stage
of PDT, from disease detection, treatment planning
(including dosimetry), to real-time monitoring of
treatment and its outcome assessment. A theranostic
agent could be a single compound that inherently has
both imaging and treatment capability. Or it could
be a single compound where a photosensitizer is
synthetically conjugated to an imaging agent. Finally,
if a nanoparticle approach is used, the imaging and
therapeutic components could be loaded individually
onto a single nanoparticle platform or alternatively, the
conjugate imaging-therapy agent could be loaded onto
the platform. The best imaging modality would provide
both anatomical as well as functional information.

Copyright © 2015 World Scientific Publishing Company

Table 4 lists the advantages and disadvantages of various
techniques.

Imaging modalities include a variety of techniques
using a number of different characteristics ranging from
anatomical, physiological, molecular properties of tumors.
Imaging of tumors is achieved using either techniques
which involve radioactive compounds which generate a
signal on a screen (Computerized Tomography, Positron
Emission Tomography or SPECT) or by use of non-
radioactive materials which might improve contrast of
tumors (Magnetic Resonance Imaging (MRI)), fluorescence
signal upon activation and acoustic signal (ultrasound and
photoacoustic). More recently, imaging modalities have been
combined with each other to get the maximum information
about the tumor so as to decide the best course of action.

J. Porphyrins Phthalocyanines 2015; 19: 118-134
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Based on tumor type, tumor characteristics, location
of the tumor stage and grade of tumor, clinicians can
design the best treatment course for the patient so as to
get the best outcome possible. Imaging is also helpful
in monitoring the efficacy of treatment to see if there is
tumor shrinkage and during treatment if the properties
of the tumor change, a clinician can then reevaluate the
treatment paradigm for that particular patient. Also once
the treatment is complete, monitoring the patient(s) for
long-term basis is also important to assess the treatment
modality and change if necessary.

The Roswell Park group has also explored the utility
of tumor-avid photosensitizers as vehicles to deliver
the desired imaging agents to tumor. For example,
conjugation of HPPH with Gadolinium-DTPA moieties
[83, 84] or cyanine dye [85] or certain radionuclides
[86] has created certain novel multifunctional agents for
MR/fluorescence and PET/fluorescence imaging with an
option of PDT. Some of the conjugates are currently in
advanced stages of preclinical trials.

Magnetic Resonance Imaging (MRI)

Imaging systems have already been an integral part
in screening, diagnosis, and staging of many cancers
[12]. Among them, Magnetic Resonance Imaging (MRI)
has been a popular tool in tumor detection because of
its high depth of penetration, spatial resolution and
high soft tissue contrast. MRI uses contrast enhancing
agents such as Gadolinium (Gd**) based agents [87, 88].
But recent work has found use for nanoparticles such
as super paramagnetic iron oxide nanoparticles (SPIO)
and regular iron oxide nanoparticles for improving
tumor contrast [4, 89]. The advantage of using such
nanoparticles is that these allow for delivery of other
agents such as chemotherapeutic or other imaging
agents. Photosensitizers have also helped in the delivery

of MRI agents. Porphyrin based photosensitizers have
been found to be excellent candidates for delivery of
MRI contrast agents to tumors. The tumor avid nature
of the photosensitizers helps to take the contrast agent to
the tumor site. FDA approved MRI contrast agents such
as Magnavist, Omniscan and Prohance have a very short
plasma half-life ranging from 10-15 min post injection.
These agents are not tumor specific and cannot be directed
to small tumors or foci in the lymph nodes. Attachment
to porphyrins can slow down the clearance of these
contrast agents from the body or the tumor. Attaching
contrast agents to a tumor targeting vehicle to improve
contrast has recently been demonstrated by Pandey ef al.
by conjugating a tumor avid photosensitizer (3-devinyl-
3-[1-(hexyoxy)ethyl]pyropheophorbide a (HPPH)) to a
MRI contrast agent (Gd(IIT)-aminobenzyl-diethylenetria-
minepentaacetic acid (DTPA)) [83, 84]. This agent showed
good therapeutic benefit as a photosensitizer as well as an
excellent MRI contrast agent, providing a better contrast
than Magnavist at 10 times lower concentration (Fig. 4).
The histopathology report confirmed that the histological
structure of every organ was preserved, and no sign of
toxicological lesions were seen at variable doses, even at
2.5-fold of the imaging dose.

Computerized Tomography (CT)

Computerized Tomography (CT) is another imaging
method which has found to be very popular in the clinic. It
is used primarily for screening, monitoring and detection
of tumors in the clinic. CT is predominantly done using
iodine based radionuclides. The main disadvantage with
CT is that it uses X-ray for generation of contrast which is
risky for patients as there is fear of generation of tumors
from prolonged exposure to such type of radiation. But
recent work in the field with low dose CT has reduced
the risk of secondary tumors and at the same time helped
improve early detection of tumors as well [90].

Fig. 4. HPPH conjugated with 3Gd(III)DTPA shows significant tumor enhanced image (29%) compared to the surrounding tissues
in rats implanted with WardColon tumors. Maximum intensity was observed at 24 h post-injection. MR imaging dose:10 umol/kg,
a 10-fold lower imaging dose than the dose used for Magnavist, a current clinical standard. Source: Bioconjugate Chemistry 2010;

21: 828-835

Copyright © 2015 World Scientific Publishing Company
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Positron Emission Tomography (PET) and Single
Photon Emission Computed Tomography (SPECT)

The most popular radioactive based imaging
techniques used in the clinic are Positron Emission
Tomography (PET) along with Single Photon Emission
Computed Tomography (SPECT). There is a general
consensus amongst experts in the field of imaging that
PET and SPECT provide the best sensitivity to visualize
interaction between physiological processes and ligands.
With the of use of radioactivity the depth of penetration
is nearly limitless when using PET and unlike MRI,
images are obtained in “real time” with a small dose
of the radionuclide (often in picomolar to nanomolar
concentrations). But the main issue with PET is the
lack of good spatial resolution unlike MRI. These days,
however, PET is not used as a standalone towards imaging
technique in the clinic but is often used in combination
with other modalities such as CT or SPECT. PET-CT and
PET-SPECT images provide more information about the
tumor and have improved early detection and monitoring
of therapeutic intervention for most tumor types. Another
prominent feature of nuclear imaging is its ability to image
biological processes and metabolic activity in tissues and
organs.'8Fluorodeoxyglucose ("8FDG) is the most popular
radionuclide used for PET imaging and has been used in
the clinic for detection of primary as well as metastatic
tumors. Solid tumors usually have higher uptake of
BE-FDG due to relatively higher levels of glucose
transporters. But this limits its use to detection of tumors
in organs which are generally metabolically more active
including but not limited to brain and pancreatic cancers.
But PET has shown remarkable sensitivity and accuracy.
The average FDG PET sensitivity and specificity across
all oncology applications is estimated at 84%. Another
advantage of using radionuclides is the easy chemistry
for development of tumor specific PET agents. Tumors
express a lot of receptors on their surface to help them
grow independent of growth factors, improve survival
under hypoxic conditions, avoid immune surveillance and
finally metastasize to distant sites. PET radiochemistry

allows for developing in vivo radiolabels which can target
some of these receptors, helping in identifying both local
as well as metastatic tumors. One of the popular ligands
used is cRGD peptide targeting the integrin receptor o3,
which is overexpressed in growing neovasculature as well
tumors of the brain, breast, head and neck and many
others. Chen et al. describe the use of RGD conjugated
radionuclides including *Zr, '°F, %Ga and *Cu to target a
variety of tumors that includes prostate cancer, pancreatic
cancer, and breast tumors [12, 91-97]. They have shown a
significant advantage of labeling PRT radionuclides with
the RGD as there is there is high tumor to background
noise ratio implying good contrast. Photosensitizers are
also being used for developing PET agents. Pandey and
group at Roswell Park Cancer Institute, Buffalo have
demonstrated development of PET agents using labeled
Jodine, which could treat tumors with 100% efficiency
[86]. Zheng et al. have also recently synthesized a tumor
specific porphyrin-peptide folate (PPF) probe with a **Cu
label for PET imaging. **Cu-PPF uptake in FR-positive
tumors was visible on small-animal PET images with high
tumor-to-muscle ratio (8.88 * 3.60) observed after 24 h
[98]. PET can be used for monitoring efficacy of PDT.
It is non-invasive and provides the advantage of doing
whole body imaging unlike other techniques. A good
example of noninvasive molecular imaging is provided
by Subbarayan et al., who used autoradiography imaging
to monitor apoptosis after PDT with the compound
“mTc-annexin V as the contrast agent for detection of
tumors by SPECT [99]. Along with other nuclides like
"n- SPECT provides a good adjunct to PET as it uses a
lower radioactive dose than *Tc. This provides benefits to
patients as they are exposed to lower radiation dose.
Among the porphyrin-based PET imaging agents,
the 3-(1-m-'*lodo-benzylox)ethylpyropheophorbide-a
derived from chlorophyll-a developed by Roswell Park
group [85] has shown excellent PET-imaging ability
of various types of tumors in mice (Fig. 5). As a non-
radioactive analog, it shows excellent PDT efficacy.
Thus, the combination of a radioactive and a non-
radioactive compound (with similar pharmacokinetic

Fig. 5. PAA-based biodegradable and biocompatible multifunctional nanoplatform for cancer-imaging and therapy containing both
radioactive (I-124) and non-radioactive chlorophyll-a based compound in desired imaging and PDT doses

Copyright © 2015 World Scientific Publishing Company
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Fig. 6. Quantum Dot Imaging (A) Schematic diagram of QD750-PEG2k-RGD. (B) In vitro staining of human breast MCF and
human glioblastoma U87MG cells (low and high levels of integrin o,f; expression, respectively) using QD750-PEG2k-RGD.
(C) In vivo NIR fluorescence imaging of U87MG tumor-bearing mice (left shoulder, denoted with white arrows) injected with
QD750-PEG2k-RGD (left) and QD750-PEG2k (right). Source. Nano Lett. 2006; 6: 669-676

and pharmacodynamics profiles), can be used for dual
imaging (PET/fluorescence) and PDT. Interestingly, the
post-loading of the iodinated analogs (I-124 labeled
and the corresponding non-radioactive compound) in
polyacrylamide-based (PAA) nanoparticles (NPs) made
a remarkable difference in in vivo biodistribution of the
imaging and therapy agents with a significant increase
in tumor-uptake with reduced uptake in other organs,
especially in spleen [100].

Optical imaging

Among the non-radioactive based imaging modalities,
optical imaging is one of the most widely researched and
popular modalities of imaging, both at the clinical as well
as academic level. Fluorescence microscopy is already
well-known for studying and analyzing information at the
molecular level (in vitro and ex-vivo). In vivo imaging is
gaining interest for preclinical and clinical applications.
Some of the major advantages of doing optical imaging
over other imaging modalities is the high sensitivity
(nanomolar to micromolar for optical imaging) of the
technique. The probes used for optical imaging and
detection are easy and cheap to synthesize and are safe
for use in patients because of the inert nature or most of
the probes. Probes used are non-toxic and easily cleared
from the various organs. Research in the field has led
to the development of new instrumentation which can
image whole body or specific tissue in real time. Probes
normally used are synthesized in a variety of excitation
and emission wavelengths (ranging from 500-900 nm).
New instruments can easily image across this broad range.
Another major advantage of using optical probes is that
they are easy to conjugate to tumor targeting agents such
as peptides and sugars. They can also be easily loaded
or conjugated with nanoparticles to develop theranostic
agents that can help image/treat tumors. Nanoparticles
which are loaded with chemotherapeutic drugs or

Copyright © 2015 World Scientific Publishing Company

radiosensitizers can be combined with optical agents
to monitor the efficacy of treatment following delivery
to tumors. Nanoparticles such as quantum dots are
themselves fluorescent when excited under ambient light
conditions (Fig. 6). Quantum dots have high quantum
yield, are resistant to photobleaching and degradation and
have long fluorescence lifetimes. The disadvantages of
quantum dots are limited biocompatibility and significant
toxicity in animals. But recent work in the field has led to
the development of new kind of quantum dots which are
biocompatible and are currently used for in vivo tracking
of cells, for studying cell-cell interactions and also for
detection of micrometastasis of various types of tumors
[1, 11, 14, 101, 102].

Several types of nanoparticles are reported as carriers
for optical probes and have been exploited extensively.
Nanoparticles have the potential to preferentially localize
to the tumors due the enhanced perfusion effect (EPR)
which allows them to pass through the leaky vasculature
of the tumor and into tumor cells. Nanoparticles such as
iron oxide nanoparticles have been used for combined
MRI and optical imaging of tumors. Various fluorophores
are easily conjugated to the surface of the iron oxide
nanoparticles to allow real time imaging of tumors post
injection (Fig. 7). Recent work has allowed for labeling
of stem cells with iron oxide nanoparticles to monitor
trafficking, and cell based interactions [82,103-106].
Polymeric nanoparticles when labeled with fluorophores
are able to deliver a variety of chemotherapeutic drugs
and other agents of interest. Reineke et al. have developed
a set of polymeric nanoparticles (polyethyleneamine)
based nanoparticles which encapsulate a Gd based
MRI contrast agent with nucleic acid such as DNA for
combined gene therapy and MR imaging. The group uses
a lanthanide (Eu**) instead of regular fluorophores for
visualization of efficacy of transfection. Plasmid DNA
based transfection experiments show high uptake of these
nanoparticles both through high contrast on the MRI in
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Fig. 7. Theranostic nanoparticles for gene delivery and MRI. (a) Chemical structure of lanthanide- and oligoethyleneamine-
containing theranostic polymers for nucleic acid delivery. (b) Deconvoluted confocal microscopy images of HeLa cells transfected
with polyplexes containing Eu3+-chelated polymer (red) and fluorescein isothiocyanate- (FITC-) labeled pDNA (green), and their
overlay with DIC (differential interference contrast), shows accumulation of polyplexes in the perinuclear region and in cytoplasm.
(c) Magnetic resonance (MR) images of cells transfected with two different Gd-containing polymers, (ii) and (iii), compared to
untreated HeLa cells. Figure adapted from Bryson JM, Fichter KM, Chu W-J, Lee J-H, Li J, Madsen LA, McLendon PM, Reineke
TM. Polymer beacons for luminescence and magnetic resonance imaging of DNA delivery. Source: Proc. Natl. Acad. Sci. USA.

2009; 106: 16913-16918

transfected vs. untransfected cells, as well as through
optical imaging with the lanthanide which showed higher
fluorescence in the transfected cells [107].

Most of the photosensitizers fluoresce, and therefore
certain PDT agents with required photophysical
properties can benefit from the development of agents for
fluorescence-guided PDT. Photosensitizer Fluorescence
Detection (PFD), a technique used for demarcation
of tumors has been extensively researched at both the
laboratory as well as the clinical scale for imaging of
tumor. Protoporphyrin IX and §-aminolevulinic acid, a
prodrug of protoporphyrin IX have been used for imaging
of skin tumor prior to treatment [44, 108—113]. PFD has
been used for detection of bladder cancer and found great
success when using ALA or more recently lipophilic
ALA. In a Phase III clinical trial, ALA based PFD for
bladder cancer 61.5% of patients in the fluorescence
endoscopy group were tumor-free at the time of
follow-up, compared with only 40.6% in the white-light
group, with no noted difference in side effects from the
procedure. Since 2003 onwards, studies of fluorescence
cystoscopy for detection of bladder cancer using HAL
(hexyl aminoleuvilinic acid) instead of free ALA reported
a similar marked improvement in sensitivity over white-
light imaging [114].

Copyright © 2015 World Scientific Publishing Company

One limitation of the fluorescent property of most
porphyrin photosensitizers is the small wavelength
difference between the longest wavelength absorption
peak and the fluorescence emission wavelength. Thus,
they are not “ideal” candidates for fluorescence-imaging.
However, the cynanine dyes on the other hand show
desired properties for imaging, but most of them are
not tumor-avid. The Roswell Park group has previously
shown that the postloading of a photosensitizer and the
cyanine dye in a desired ratio into nanoparticles can be
used as bifunctional agents for both cancer-imaging and
therapy [115, 116]. Interestingly by conjugation of a
non-tumor avid cyanine dye with amino functionalized
polyacrylamide-based NPs produced remarkable tumor-
images of Colon26 tumors implanted in BALB/C mice,
which further confirmed the tumor-avidity of these NPs
(Fig. 8).

Photosensitizer based Fluorescence Detection (PFD)
for tumor imaging and therapy

Fluorescence guided resection (FGR) using PS
precursors has received considerable attention in the
treatment of brain cancer. The ability to optimally resect
malignant tissue with minimal damage to surrounding
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Fig. 8. Compared to a free cyanine dye the corresponding formulation in which the dye was postloaded to polyacrylamide (PAA)
NPs show enhanced tumor-imaging ability in BALB/c mice bearing Colon26 tumors at 24 h post-injection (dye dose: 0.3 umol/kg,
an un-optimized imaging dose). Source: ACS Nano. 2012; 6: 6843—-6851

normal areas is a critical determinant of meaningful
improvement in progression-free survival and quality
of life for patients with brain cancer. ALA, which found
great success in detection of malignant lesions of bladder
cancer, has also been investigated in detection of tumor
margins in brain cancer. Stummer et al. found that there
was significant accumulation of ALA in malignant
glioma cells which eventually lead to a large multi-center
Phase III clinical trial for use of ALA based PFD of
malignant gliomas during intraoperative surgery (Fig. 9).
This highly successful trial was terminated at the
interim analysis of the first 270 patients, when 65% of
those in the FGR group were without residual disease
at postoperative MRI, compared with 36% in the white-
light group. Though there was no overall survival benefit
for patients who got the treatment, it is important to note
that there was higher population of patients who showed
progression free survival as compared to patients who did
not undergo ALA based resection of malignant glioma.
This study prompted the use of other photosensitizers
for tumor delineage such as mTHPC. Further, it was
noted that the presence of the photosensitizer offered the
opportunity to perform PDT during or after surgery. This
might offer a survival benefit to patients as residual tumor
can be destroyed following surgery and might be a safer
option as compared to radiation or chemotherapy. In an
effort led by Kostron and colleagues mTHPC guided
fluorescence guided resection (FGR) with adjuvant PDT
was evaluated in 26 patients with malignant brain tumors.
Kostron et al. also reported that there was an increase in
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Fig. 9. Progression-free survival data by treatment group
for the large multicenter trial reported by Stummer W et al.
Lancet Oncol. 2006; 7: 392 which compared white-light and
fluorescence-guided resection for treatment of malignant
glioma. After 6 months there was a significant enhancement in
progression-free survival in the 5-ALA group as compared to
white light. Source: Chem. Rev. 2010; 110: 2795-2838

the median survival from 3.5 months to 9 months in the
group of patients which received the m-THPC based FGR
[117, 118]. PFD has also been explored in metastatic
ovarian cancer, skin cancer, oral cancer and also recently
found success in head and neck cancer at Roswell Park
Cancer Institute under the guidance of Rigual et al. [72,
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119-125]. While PFD has made a significant clinical
impact as an intraoperative imaging modality for guidance
of surgical resection, it has not been extensively explored
as a non-invasive approach. One of the main limitations
of PFD is the source of lower wavelength of light used
for excitation. Therefore, the penetration of light is not
deep enough to get the complete extent of the tumor
especially with the tumors that are deeply seated. Still
PFD can really help all aspects of PDT. It can also help
in determining dosimetry and feedback during and after
treatment of tumors. Combining it with other modalities
such as Optical Coherence Tomography or Photoacoustic
Tomography (PAT) could push the boundaries in using
PFD for improving patient care and patient treatment of
various tumor types [126].

Gold nanoparticles and Photoacoustic
Tomography (PAT)

Photoacoustic Tomography is a new and upcoming
technique which utilizes the ability of light to generate
acoustic signals through photon scattering by various
tissues. One of main advantages is that ultrasonic
wave is able to overcome the optical diffusion limit.
Photoacoustc images are generated by detecting those
pressure waves which are collected by an ultrasonic
detector used routinely in ultrasonography imaging. Thus
PAT is able to generate multispectral high-resolution
imaging of biological structures, ranging in size from
organelles to organs. PAT has the ability to excite various
tissues at different wavelengths and hence will generate
good contrast amongst different organs. PAT also has
higher sensitivity as compared to other techniques
such as OCT and confocal microscopy. Lastly, the PAT
image is a background free image as anything which
does not absorb the light will not generate a PAT signal
and hence will not show up on the screen. Thus, PAT
is able to generate high resolution images and with
good contrast is able to differentiate between a variety
of tissue types. PAT is being actively researched in a
variety of areas ranging from vascular biology, oncology,
cardiovascular diseases, ophthalmology, neurology and
gastroenterology. Hemoglobin in the blood is strong
absorber of light and can be used to generate a lot of
anatomical and physiological information using PAT.
External contrast enhancers provide the opportunity
to get more information using PAT. Commonly used
contrast agents include metallic nanoparticles, popularly
gold nanoparticles, nanocages and nanorods, dyes, and
even gene reporters. Gold based nanoparticles are the
most popular amongst the agents investigated for use
as PAT contrast agents. They are biocompatible, do not
generate an immune response, are easily customized for
use in various scenarios and have deep NIR absorption,
which helps maximizing imaging depth. Gold nanocages
are the most popular gold based PAT contrast agents and
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they offer good imaging capability even for deeply seated
tumors. They can be conjugated with a variety of tumor
specific ligands for high uptake within the tumor and
can be loaded with therapeutic agents for development
of theranostic agents that can deliver drugs to the tumor
and also help image therapeutic efficacy following drug
delivery. Kim et al. [127] have demonstrated detection
of pigmented melanoma tumors (B16 F10) using PAT
through gold nanocages. Gold nanocages used for
the detection of melanoma tumors (Fig. 10) showed
remarkable contrast at concentrations far lower than
normally used for other contrast agents such as single
walled carbon nanotubes (SWCNT) and gold nanorods.
Conjugation with melanoma targeting ligand improved
the efficiency of the gold nanocages by almost 300%
indicating active targeting of the tumor by the gold
nanocages.

Gold nanocages have proven to be versatile agents
to image sentinel lymph nodes, which are amongst the
primary sites for metastatic cells and helping to delineate
infected lymph nodes against clean lymph nodes. This
will help clinicians to predict the spread of the disease
along with biopsy and removal of lymph nodes. Using
a rat model, Wang et al. [127] investigated the use of
gold nanocage-based PAT mapping of lymph nodes and
were able to image to about a depth of 33 mm below
the surface of the skin which is greater than any optical
resolution depth.

Clearance of these gold nanocages from the various
organs and the toxicity studies in small animals are
underway. Dyes and other fluorophores can also be
used as contrast agents with and without gold NPs. In
theory, all fluorophores (including porphyrin-based
photosensitizers) can generate PAT signal at appropriate
wavelengths. Fluorescent probes generate fluorescence
through decay of photons from higher energy orbital
level. But often the fluorescent efficiency is not 100%
and some amount of the energy is lost to thermal
emission. This energy can be detected by PAT; hence
certain porphyrin-based fluorophores are unique as
they can be simultaneously used for optical as well as
PAT imaging. These compounds can also be loaded on
gold nanomaterials, for developing agents for PAT and
fluorescence imaging [128, 129] with and without the
option of PDT.

Photothermal Therapy (PTT)

Another unique advantage of using gold nanomaterials
is the ability to generate heat through the LSPR
(longitudinal surface plasmon resonance) effect. Gold
nanocages and nanorods can absorb light and convert it
into heat which can be used for treatment of tumor cells,
which is also called the photothermal effect [130-132].
Gold nanocages are excellent candidates for irradiating
with light at the absorbance wavelength at 0.7 W/cm?,
which is able to increase the intratumoral temperature
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Fig. 10. In vivo noninvasive PA time-course coronal MAP
images of B16 melanomas using [Nle*,D-Phe’]-o-MSH and
PEG-AuNCs. (a, e) Photographs of nude mice transplanted
with B16 melanomas before injection of (a) [Nle*,D-Phe’]-o-
MSH- and (e) PEG-AuNCs. Time-course PA images of the B16
melanomas after intravenous injection with 100 puL of 10 nM
(b—d) [Nle*,D-Phe’]-0-MSH and (f-h) PEG-AuNCs through
the tail vein. The background vasculature images were obtained
using the PA microscope at 570 nm (ultrasonic frequency =
50 MHz), and the melanoma images were obtained using the PA
macroscope at 778 nm (ultrasonic frequency = 10 MHz). Color
schemes: red for blood vessels and yellow for the increase in
PA amplitude. Source: ACS Nano. 2010; 4: 4559-4564

to as high as 55°C (Fig. 11). At that temperature, a
significant tumor killing and a decrease in tumor size
was observed following the treatment. Gold nanocages
can help monitor tumor destruction following PTT by
PAT imaging [133]. However, in contrast to fluorescence
the amount of material required for in vivo-PAT imaging
is much higher.

Copyright © 2015 World Scientific Publishing Company

Hyperthermia with and without PDT

Hyperthermia can influence tumor-control in two
different ways. The first is direct killing of cells by heat
which involves heating the tumor and the surrounding
regions to high temperature (45°C or higher). Thermal
killing of tumor has been accomplished using a number
of techniques from using radio-frequency waves (RF)
to high frequency ultrasound (HIFU) [134-136] which
requires focused ultrasound delivery (around 2.25 MHz)
into the tumor. Delivery of such energy results in a
fast rise of temperature within the tumor to about
55-60°C, and causes killing of tumor cells. This type
of hyperthermia based treatment is currently in clinical
trials for a variety of soft tissue tumors. Tumors of the
kidney, prostate, liver, and breast have been targeted with
promising results (Fig. 12).

The research by the hypothermia group at Roswell
Park Cancer Institute involves fever range hyperthermia
(40-41°C). Hypoxia is correlated to radioresistance, it
has been proposed that the abnormal vascularization of
tumors leads to increased hypoxia whereas re-perfusion
fever is an evolutionary conserved mechanism which often
follows inflammation after an infection. Fever provides
survival benefits by limiting the growth of pathogens
and modulating the growth of effector T cells which
help in control of infections. Tumors in both patients
and xenograft models in mice express a high interstitial
fluid pressure (IFP) which limits the efficacy of a variety
of drugs as there is resistance to uptake of drugs into the
tumor [137-139]. Furthermore, elevated IFP compromises
the response of tumor to radiotherapy (140).

Because hypoxia is clearly related to radioresistance,
it has been reported that the abnormal vascularization of
tumors leads to increased hypoxia whereas re-perfusion
could improve radiosensitivity of tumors. Mild
hyperthermia provides benefits both at the cellular level
as well as the tissue level. Mild hyperthermia has shown
to boost anti-tumor immunity in an IL-6 dependent
manner. It also boosts anti-tumor immunity by enhancing
the expression of effector CD8 T cells as well as IFN
v production. Hyperthermia has also shown to boost the
levels of Natural Killer (NK) cells which are one of the
main mediators of anti-tumor immunity. As compared
to control animals, whole body hyperthermia increased
NK cell infiltration at the site of the tumor. Hyperthermia
is also known to regulate the expression of Treg cells.
Immature myeloid cells (iMCs) when exposed to mild
hyperthermia show increased maturation into dendritic
cells that acted as potent stimulators of CD8 T cells
[8, 141, 142]. Hyperthermia is also known to increase
lymphocyte and leukocyte trafficking. This can promote
immune surveillance and allow for naive cells to encounter
antigens presented circulating dendritic cells [141].
Clinical trials have shown increased survival benefit
following hyperthermia because of increased response
to chemotherapy and radiotherapy [143]. PDT efficacy
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Fig. 11. (a) Photograph of a tumor-bearing mouse under the photothermal treatment. 100 mL of PEGylated nanocages at a
concentration of 9 x 10'? particles/mL or saline was administrated intravenously through the tail vein as indicated by an arrow. After
the nanocages had been cleared from the circulation (72 h after injection), the tumor on the right flank was irradiated by the diode
laser at 0.7 W.cm? with a beam size indicated by the dashed circle. (b-g) Thermographic images of (b—e) nanocage-injected and
f—i) saline-injected tumor-bearing mice at different time points: (b, €) 1 min, (c, f) 3 min, (d, g) 5 min, and (e, i) 10 min. (j) Plots of
average temperature within the tumors (dashed circle) as a function of irradiation time. Source: Small. 2010; 6: 811-817

Fig. 12. (a) Elevated body temperature increases tumor blood vessel perfusion in BALB/c mice bearing CT26 tumors. A,
representative fluorescence micrographs (at 5x) of CT26 tumor implanted s.c. on the hind leg (volume 300-600 mm 3; top pair) and
muscle (bottom pair) showing perfused blood vessels following tail vein injection of the cyanine dye DiOC,(3). The micrographs
on the left are those obtained from tissue excised from unheated control mice and the 2 micrographs on the right are from mice
after 6 h of heating. The increased number of perfused vessels in a tumor from a heated mouse (160 vessels per field) is apparent in
comparison with that of an untreated mouse (82 vessels per field). There is no visible difference in the number of perfused vessels
in muscles from unheated control mice and that from heated animals. Scale bars 500 mm. (b) Heat treatment enhances the efficacy
of radiation therapy. A, CT26 tumors were implanted s.c. on the flank of BALB/c mice. Tumor growth was then monitored in the
following groups (n%45 per group): control untreated mice (*), mice that were only heated (&), mice that received only radiation
(1 Gy/d for 4 days, days 12—15;~), and mice that were heated and followed 24 h later by 4 consecutive radiation treatments (1 Gy/d
for 4 days). Tumor growth rates in the unheated control and the heat-only groups were indistinguishable. The slowest growth rate
was observed in tumors of mice that received the combination of heating followed by fractionated radiation. Statistical test using
one-way ANOVA with Dunnett’s multiple comparison tests for comparative analysis of the means of the treated groups to the mean
of the control group shows significant difference only for the group of mice that received combined heating and radiation. Source:
Cancer Research. 2011; 71: 3872-3880
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can also be enhanced following hyperthermia. The
increased perfusion and lower IFP can allow for higher
photosensitizer concentration within the tumor as well
as higher tumor reoxygenation. This might increase PDT
efficacy following light treatment. Also, PDT anti-tumor
immunity is mediated through neutrophils, lymphocytes
and natural killer cells [142—-146]. Hyperthermia can help
boost anti-tumor immunity following PDT by increased
trafficking of immune cells in to the tumor and helping
antigen presentation following PDT.

The photodynamic therapy (PDT) efficacy of 3-(1’-
hexyloxy)ethyl-pyropheophorbide-a (HPPH), a chloro-
phyll based photosensitizer (PS), currently in Phase I/II
human clinical trials and being developed by Photolitec,
LLC for the use in head and neck, and lung cancers, was
investigated for a long-term tumor cure in combination
with mild heating. Both systemic and local heating in
combination with PDT showed enhanced PDT efficacy
in BALB/c and in nude mice implanted with Colon26
and U87 tumors respectively. The improved PDT efficacy
(long-term percentage tumor cure) in combination with
heating was due to an increase in tumor-uptake of the
photosensitizer (PS) (Fig. 13, Pandey et al., unpublished
results).

Nanoparticles such as gold nanocages and nanorods,
magnetic iron oxide nanoparticles have also shown
promise for hyperthermia based killing of tumor cells.
Gold nanomaterials can achieve photothermal killing of
tumors by various mechanisms. The first mechanism is the
mild temperature increase (i.e. from 3 to 6°C) that often
proceeds via apoptotic pathways. This mode of killing
takes a longer time and there are minimal side effects.
The results are often dramatic and the treatments are
prolonged and recurrent. This effect is often called as the
Lance Armstrong effect [136]. If there is a rapid increase
in temperature, the necrotic damage is more prominent.

Using HPPH as the photosensitizer, the RPCI group
in collaboration with Dr. Chen, University of Arkansas,
Fayetteville, AR and Dr. Kim, Pohang University of
Science and Technology, Pohang, Republic of Korea,
demonstrated a controlled release of hydrophobic drugs
from exterior and interior of poly(ethylene glycol)
covered gold nanocages [147]. Two encapsulation routes
were investigated: one utilizing PEG to entrap HPPH
within the AuNC void (HPPH-in-AuNC) and the other
utilizing hydrophobic interactions to load HPPH within
the PEG-monolayer coating the AuNC (AuNC-HPPH).
After loading, the physical, fluorescence, and Raman
properties were characterized along with drug release.
HPPH-in-AuNC loading was diffusion-based and
could be manipulated by changing concentrations; no
drug release was observed (Fig. 11). AuNC-HPPH was
found to have a maximum loading of ~2.5 x 10> HPPHs/
AuNC, with K; between PEG and HPPH of ~17 uM.
Protein mediated release from the exterior conjugate
was observed in a serum mimetic environment, the rate
was found to be sensitive to surface modification and
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Fig. 13. Kaplan-Meier survival plot for HPPH-PDT response
under room temperature and localized hyperthermia conditions
at a drug dose of 0.47 umol/kg in BALB/c mice bearing Colon
26 tumor on shoulder (10 and 9 mice/group, respectively): light
dose, 135 J/cm?, 75 mW/cm? at 24 h post-injection, statistically
significant with P < 0.05 (Mantel-Cox test). Srivatsan & Pandey
et al., unpublished results

surface charge. The photothermal effect was used to
initiate burst release, and the presence or absence of light
was found to impart significant control of the release
kinetics from the system, demonstrating on-demand
release (Fig. 14).

The in vitro in vivo efficacy of HPPH alone and the
gold nanocage-HPPH (ANNC-HPPH) was compared
under similar treatment parameters and the nanocages
showed improved PDT efficacy. The in vivo results are
summarized in Fig. 15. For a proof-of-principle study,
two groups of tumor-bearing mice were intravenously
injected with HPPH (0.3 pmol/kg) as free HPPH or
AuNC-HPPH. As a control group, five mice were
intravenously injected with PBS. Guided by fluorescence
imaging, the mice were treated with 665-nm laser
irradiation for 30 min with a total light dose of 135 J/cm?
at 24-h post-injection when the accumulation of the
conjugates reached its peak.

After the PDT treatment, tumor growth was monitored
by measuring the tumor size for up to 60 days. The mice
were euthanized when the tumor grew to 400 mm?. Of the
mice treated with free HPPH, only one of the five mice
remained alive with tumor size <400 mm?® (20% survival)
at 60 days post-treatment. Of the mice treated with AuNC-
HPPH, three of five mice survived with complete tumor
cure at 60 days post-treatment. In contrast, no mouse in
the control group with PBS injection survived beyond
15 days post-treatment. These results suggest that the
survival rate of the AuNC-HPPH treated mice is higher
than the HPPH-treated mice under the same irradiation
condition, indicating the higher potency of AuNC-HPPH
as compared to the equal amount of free HPPH. In vivo
toxicity has been one of the main issues in generating
NPs-based therapeutic/imaging agents. A short-term
study on AuNC-HPPH by RPCI group also demonstrated
that there were neither toxicity nor phenotypical changes
in mice at therapeutic dose of the conjugates or even at
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Fig. 14. Schematic illustration of two strategies for entrapment of hydrophobic molecules using PEG-covered AuNCs. The drug can
be loaded onto (top) the exterior (AuNC-HPPH) or (bottom) the interior (HPPH-in-AuNC) of the AuNC at 24 h post-injection (i.v.)

Fig. 15. Top: fluorescence imaging to monitor the delivery
process of HPPH. Bottom: Kaplan-Meier plot of percent
survival (tumor-free) of Colon-26 tumor-bearing mice after
intravenous injection of PBS (green), HPPH (0.3 umol HPPH/
kg, black), and AuNC-HPPH (0.3 pumol HPPH/kg, red),
followed by light irradiation with a fluence of 135 J/cm?.
Source: Theranostics, 2014; 4: 163-174

100-fold higher than therapeutic dose of gold nanocages.
This study is of critical importance in developing
therapeutic/imaging agents related to gold-nanocages.

CONCLUSION

The idea of developing a single theranostic agent that
can integrate real-time evaluation of tumor burden with
improved treatment is highly desirable. These agents
can help circumvent the current problems associated
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with combining multiple agents for tumor detection and
subsequent therapy. Certain tumor-avid porphyrin-based
photosensitizers (PS) used as drugs in PDT, with multi-
functional groups, provide an opportunity to introduce
desired key moieties in designing improved theranostic
agents. It has also been demonstrated that gold nanocage-
photosensitizer conjugates can enable dual image-guided
delivery of photosensitizer and significantly improve the
efficacy of photodynamic therapy in a murine model —
for example, the photosensitizer, 3-devinyl-3-(1’-hexyl-
oxyethyl)-pyropheophorbide ~(HPPH), noncovalently
entrapped in the poly(ethylene glycol) monolayer coated
on the surface of gold nanocages can be monitored
optically by fluorescence and by photoacoustic imaging.
The slow nature of the release in turn results in an increase
in accumulation of the drug within implanted tumors due
to the passive delivery of gold nanocages. Furthermore, the
conjugate was found to generate more therapeutic singlet
oxygen and have a lower IC50 value than the free drug
alone. Thus the conjugate resulted significant suppression
of tumor growth as compared to the free drug in vivo, and
provides a possible opportunity of developing improved
cancer imaging and therapeutic agents not limited to PDT.
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ABSTRACT: A tetrapyrrolic macrocycle containing ethenylene and dioxyphenylene bridges was
obtained through the reaction of a dipyrrin-DDQ adduct with triethylamine. The structure of the
macrocycle was elucidated by X-ray diffraction analysis. The macrocycle exhibited solvent-dependent
absorption spectra due to intramolecular charge transfer interactions.

KEYWORDS: dipyrrin, DDQ oxidation, intramolecular charge transfer.

INTRODUCTION

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
is a convenient dehydrogenating agent, which has been
commonly used in numerous chemical reactions [1-10].
In particular, DDQ is the first choice for the oxidative
conversion of porphyrinogens and dipyrromethanes to the
corresponding porphyrins and dipyrrins. However, DDQ
sometimes induces unexpected reactions to provide DDQ
adducts. In 1965, H.-D. Becker reported the formation of
hydroquinone ethers in the oxidations of phenols through
radical pathways [11]. In our previous research, we have
reported that DDQ afforded a series of DDQ-adducts
upon treatment with dipyrromethanes [12, 13]. Namely,
DDQ could act not only as a simple oxidant but also as a
coupling partner with dipyrrins. In addition, bisdipyrrin-
DDQ adduct 1 was converted to novel dicyanoethylene-
bridged bisdipyrrin 2 in the presence of an excess amount
of Et;N (>1.5 equiv.) in a few minutes (Scheme 1) [13].
We then found that the use of a decreased amount of
Et;N changed the reaction outcome. Here we disclose the
details of the structure and the characteristic absorption
spectra of the product.

®SPP full member in good standing

*Correspondence to: Ji-Young Shin, email: jyshin@apchem.
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Copyright © 2015 World Scientific Publishing Company

RESULTS AND DISCUSSION

We found that treatment of bisdipyrrin-DDQ adduct
1 with 0.9 equiv. of Et;N resulted in the formation of the
new polypyrrolic product 3 in 31% yield (Scheme 2).
Formation of bisdipyrrin 2 was not observed in this case.
'H NMR of 3 displayed broad B-pyrrole proton signals
which were hard to assign to the product.

Fortunately, we succeeded in growing plate-shaped
single crystals of 3. The structure of 3 was elucidated by
X-ray diffraction analysis [14] and HR-MS derived accu-
rate masses for the corresponding molecular formulae.
Figure 1 shows the crystal structure of compound 3.
Interestingly, dioxyphenylene and ethylene moieties bind
two dipyrrin units into a macrocyclic structure. In the
crystal packing, two conformers (A and B in Fig. 1) were
observed as a set of unit. While the conformer B shows
a tilted structure on the main skeleton of the macrocycle,
the other conformer A exhibits rather planar structure.
Mean deviation of A is 0.225 f\, which indicates its
highly planar structure. Dihedral angles of two dipyrrin
moieties in each macrocycle were measured with 4.57°
and 21.0° for A and B, respectively. In both structures,
the dioxyphenylene ring is perpendicular to the main
plane of the macrocycle composed of dicyanoethylene
bisdipyrrin, due to steric hindrance.

The structure of 3 exhibits intramolecular hydrogen
bonding interactions, which induce downfield-shift of two
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Ar
DDQ
o
NH HN 25%

Ar = 2,6-dichlorophenyl

EtsN (1.5 equiv)
24 min

Scheme 1. Formation of dicyanoethylene-bridged bisdipyrrin 2
from bisdipyrrin-DDQ adduct 1

NH peaks in its "H NMR spectrum (12.29 and 12.84 ppm
for its CD,Cl, solution). The pyrrole proton signals were
broadened at rt, which probably suggests tautomerism
in the dipyrrin moieties. We then measured temperature

dependence of the proton peaks. The overall peaks
sharpened to give their individual coupling constant as the
temperature decreased (Fig. 2). The peaks which appeared
as broad singlets at rt started being split and sharpened.
Finally, those peaks were observed as sets of respective
double-doublet or doublets at -50°C: two sets of pyrrole
B-proton peaks (each set is two double-doublet peaks)
were found at 7.20 and 6.77 ppm and at 6.16 and 6.07
ppm, respectively. Another two sets of pyrrole B-proton
peaks were found as doublets at 6.77 and 6.55 ppm
and at 6.70 and 6.54 ppm, respectively.

Compared to a typical absorption band of dipyrrins,
the absorption bands of 2 and 3 which contain dicyano-
ethylene linkers were largely bathochromic-shifted due to
the extended m-conjugation through the ethylene-bridge
(Fig. 3: A = 736 and 662 nm for 2 and 3, respectively).
Similarly, the emission bands of 2 and 3 were also
observed at substantially long wavelength ranges (A,,, =
778 and 705 nm for 2 and 3, respectively). Furthermore,
the addition of the dioxyphenylene-bridge induced
hypsochromic shifts in both absorption and emission
bands. This change is fairly consistent with the result
of cyclic voltammetry for those compounds in which
the gap of the first oxidation and reduction potentials
decreased. The differences between E! and El, for 2

Scheme 2. Formation of macrocyclic bisdipyrrin 3 from bisdipyrrin-DDQ adduct 1: Ar = 2,6-dichlorophenyl

Fig. 1. Crystal structure of the macrocycle 3. (a) Structures of conformers A and B and side views of (b) conformer A and (c) conformer
B. Thermal ellipsoids are scaled with 50% probability level. Dihedral angles of two dipyrrin moieties are shown in (b) and (c)

Copyright © 2015 World Scientific Publishing Company
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Fig. 2. '"H NMR spectra of macrocycle 3 in CD,Cl, at various

temperatures
Fig. 5. Absorption spectral dependence of 3 on the selected

organic solvents

Fig. 3. Optical spectra of compounds 2 and 3 in CH,Cl,

Fig. 6. Dependence of fluorescence spectra of 3 on polarity of
selected solvents and its Lippert—Mataga plot (inset). Af denotes
orientation polarizability

and 3 were found to be 1.42 V and 1.86 V, respectively
(Fig. 4). Interestingly, a high solvent dependence was
observed in the absorption spectra of 3. Fig. 5 shows
UV-vis absorption spectra of 3 in four selected solvents

Fig. 4. Cyclic voltammograms of 2 (bottom) and 3 (top) in where the dependency of the spectra on solvent polarity

CH,Cl, containing Bu,NPF; at rt: working electrode = glassy was observed. The absorption b.and .nea.r the longest
carbon, counter electrode = Pt wire, reference electrode = Ag/ wavelength gradually bathochromic-shifts in accordance

Ag* and scan rate = 50 mV.s™! with decreases in solvent polarity. The solvent dependence

Fig. 7. Frontier orbitals of compound 3 calculated at the B3LYP/6-31G(d) level

Copyright © 2015 World Scientific Publishing Company J. Porphyrins Phthalocyanines 2015; 19: 137-139
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was also observed in emission spectra of 3 (Fig. 6). The
spectral changes dependent on the solvent-polarity were
analyzed by Lippert-Mataga plot [15, 16]. Relatively
large slope of -167140 cm™ indicates an intramolecular
charge transfer interaction in 3.

To investigate the observed intramolecular charge
transfer character in 3, we carried out molecular orbital
calculations by the DFT method at the B3LYP/6-
31G(d) level of theory. As shown in Fig. 7, LUMO in
3 is localized at the dioxyphenylene moiety, while
HOMO is delocalized at both the dicyanoethylene-
bridge and dipyrrin units, suggesting the existence of the
intramolecular charge transfer interactions.

EXPERIMENTAL

General

"H NMR (500 MHz) and "*C NMR (126 MHz) spectra
were recorded on a Varian INOVA-500 spectrometer.
The chemical shifts, ds, were reported in ppm relative
to the solvent taken for the measurement (CDCl;,
& = 7.26 ppm for 'H NMR and & = 77.0 ppm for *C
NMR, respectively; CD,Cl,, 6 = 5.32 ppm for 'H NMR).
UV-vis absorption spectrum was recorded on a Shimazu
UV2550 spectrometer. Mass spectrum was recorded on
a BrukermicorTOF using the ESI-TOF method with a
CH,CN solution of the compound. X-ray diffraction data
were collected on a Bruker SMART APEX XRD equipped
with a large area CCD detector and the collected data was
integrated by using the Bruker SAINT software package.
The refined structure was afforded by using the SHELX
crystallographic program in the Bruker-AXS software
package. Calculation was assessed on the Gaussian03
program. Commercially acquired chemicals were used
without further purification.

Synthesis of cyclic bisdipyrrin 3

Meso-2,6-dichlorophenyldipyrromethane was pre-
pared according to the reference method [17]. Column
chromatography on silica gel followed by recry-
stallization from CH,Cl,/hexane yielded an off-white
solid. DDQ adduct 1 was prepared from meso-2,6-
dichlorophenyldipyrromethane following the reference
method [12, 18] and purified by column chromatography
(using silica gel and neat CH,Cl,) and recrystallization
(from CH,Cl,/hexane). Compound 3 was obtained from
the treatment of a CH,Cl, (75 mL) solution of 1 (30 mg,
37.4 umol) with Et;N (5 puL, 34.3 umol) and purified by
column chromatography on silica gel using neat CH,Cl,
as eluent. Green color in regular organic solvent. Yield
10 mg (11.4 pmol, 31%). 'H NMR (500 MHz; CD,Cl,,
rt): Oy, ppm 6.15 (bs, 2H, BH), 6.56 (d, 2H, J = 5.0, BH),
6.76 (bs, 3H, BH), 7.22 (bs, 1H, BH), 7.44 (t, 2H, J =
8.0, Aryl-H), 7.53 (m, 4H, Aryl-H), 12.29 (bs, 1H, NH),

Copyright © 2015 World Scientific Publishing Company

12.84 (bs, 1H, NH). *C NMR (125 MHz; CD,CL): 8,
ppm 111.1, 114.2, 118.0, 119.7, 128.2, 128.3, 129.5,
130.8, 136.4, 137.9, 140.0, 171.6. HR-MS (ESI-MS): m/z
874.9478 (calcd. for [M — H] 874.9419, C,,H,N,C1,0,).
UV-vis (CH,CL): A, nm (log €), 325.5 (4.33), 424.5
(5.77), 613.5 (4.49), 661 (4.58).

CONCLUSION

Inconclusion, treatment of the bisdipyrrin-DDQ adduct
1 with Et;N afforded a unique macrocycle 3 containing
a dicyanoethylene bridge and a dioxyphenylene moiety.
As compared to acyclic bisdipyrrin 2, the existence of
the dioxyphenylene moiety in 3 increases the HOMO-
LUMO gap and induces hypsochromic shifts in both
the absorption and emission bands. Both optical spectra
exhibit significant solvent-dependence due to an
intramolecular charge transfer interaction. Cyclic/acyclic
compounds derived from dipyrrins provide a diversity
of chemophysical and metal-complexation properties,
which makes them applicable to various chemistry fields
such as molecular recognition and coordination polymers
[19]. Elucidation of the reaction mechanism for the
formation of 3 and study of these application of these
dicyanoethylene-bridged bisdipyrrins are underway.
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ABSTRACT: We synthesized for the first time a push—pull porphyrin dye bearing two diarylamino
groups and two carboxyphenylethynyl groups as electron-donating and electron-withdrawing anchoring
groups, respectively. The absorption spectrum displayed broad and red-shifted absorption, achieving
panchromic light-harvesting in visible and NIR regions. Introduction of multiple push—pull groups
into meso-positions is a promising strategy for the rational design of porphyrin sensitizers for light-
harvesting applications. The preliminary photovoltaic performance is moderate (3.0%), but the extensive
photocurrent generation matches with the excellent light-harvesting ability. Further modulation of the
photovoltaic properties of porphyrin DSSCs will be possible by suitable selection of electron-donating
and electron-withdrawing groups as well as introduction of the substituents into the porphyrin core.

KEYWORDS: porphyrin, solar cell, titanium oxide.

INTRODUCTION

In recent years, the increasing energy consumption
and concern about environmetal issues strongly demand
utilization of sunlight as alternative, clean and renewable
energy resource. In this regard, photovoltaic cells are
promising technologies that directly convert solar energy
into electricity. Since the seminal paper was reported
by Gritzel and co-workers in 1991 [1], dye-sensitized
solar cells (DSSCs) have attracted much attention as
an alternative to silicon-based solar cells because of
their low cost production and high power conversion

°SPP full member in good standing

*Correspondence to: Hiroshi Imahori, email: imahori @scl.
kyoto-u.ac.jp

Copyright © 2015 World Scientific Publishing Company

efficiency. Numorous organometallic/organic dyes have
been investigated for their application to DSSCs [2-21].
Among these, porphyrins are regarded as a promising
candidate due to their intense absorption in visible and
near-infrared (NIR) regions, and versatile molecular
design. However, typical porphyrins have a limited
light-harvesting ability at 450-500 nm and >600 nm.
To overcome this drawback, various porphyrin dyes
exhibiting broad and red-shifted absorption have been
assessed for DSSCs [10-21]. The development of
novel porphyrins possessing excellent light-harvesting
ability is crucial to high-performance DSSC as well as
light-harvesting devices. In fact, high power conversion
efficiency (1) more than 10% has been demonstrated in
DSSCs based on push—pull type porphyrin dyes [15-21].
Importantly, the 1 value has increased up to ca. 13% by



SYNTHESIS OF PUSH-PULL PORPHYRIN WITH TWO ELECTRON-DONATING

0o 98

141

CeHia

a CeHia
7 N
COOH
COOH COOH HOOC COOH
mono-ZnP trans-ZnP cis-ZnP cis-ZnPT
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Scheme 1. Synthesis of diarylamine 5

using cobalt-based redox shuttle [19, 20]. We previously
reported the influences of the number and substitution
position of diarylamino groups at the meso-positions of
carboxyphenylporphyrins on the optical and photovoltaic
properties (Fig. 1) [22]. Porphyrin dyes bearing two
diarylamino groups (trans-ZnP, cis-ZnP) displayed
better light-harvesting abilities than porphyrin bearing
one diarylamino group (mono-ZnP). In contrast, the
n-values of the cells with frans-ZnP and cis-ZnP were
inferior to that with mono-ZnP. This can be attributed at
least partially to the lower electron density distribution
of the electron-withdrawing anchoring group in LUMO,
resulting in insufficient electron injection into conduction
band (CB) of TiO, from the excited porphyrin singlet
state. Introduction of phenylethynyl group into the meso-
position is known to induce a more effective w-conjugation
with the porphyrin core than that of phenyl group [18].
Therefore, we thought that replacement of carboxyphenyl
group with carboxyphenylethynyl group at the meso-
position would lead to efficient electron injection to TiO,
as well as improvement of the light-harvesting ability.

Copyright © 2015 World Scientific Publishing Company

Herein, we report the synthesis of novel push—
pull porphyrin cis-ZnPT bearing two diarylamino
groups as electron-donating substituents and two
carboxyphenylethynyl groups as electron-withdrawing
anchoring groups with cis-configurations (Fig. 1).
Optical and electrochemical properties of cis-ZnPT
were examined in comparison with cis-ZnP. Preliminary
photovoltaic properties of cis-ZnPT DSSC were also
investigated.

RESULTS AND DISCUSSION

Synthesis

Solubility of sensitizer dyes is a key factor to ensure
the adsorption on TiO,. Thus, we used 2-hexyloctyl
group with branched alkyl chain on the diarylamino
moieties of cis-ZnPT as solubilizing groups. First,
functionalized diarylamine S as an important intermediate
precusor was prepared, as illustrated in Scheme 1.

J. Porphyrins Phthalocyanines 2015; 19: 141-149
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Scheme 2. Synthesis of porphyrin dye cis-ZnPT

The reaction of methyl 2-(4-methoxyphenyl)acetate
with hexylmagnesium bromide provided alcohol 1.
Dehydration of 1 with methanesulfonic acid followed by
hydrogenation gave anisole 2 bearing the branched alkyl
chain. The methoxy group of 2 was converted to triflate
of 3 by demethylation and subsequent reaction with
trifluoromethanesulfonic anhydride. Then, palladium-
catalyzed cross coupling reaction with benzophenone
imine furnished aniline 4 after treatment with diluted
hydrochloric acid. Diarylamine § was obtained by further
palladium-catalyzed cross coupling of 4 with triflate 3.
In the next step, porphyrin dye cis-ZnPT was
synthesized according to Scheme 2. Porphyrin precursor
6 with two ethynyl groups at cis-configuration was
prepared by acid-catalyzed condensation of tripyrrane
[23], triisopropylsilylpropynal [24] and pyrrole. After
zinc insertion, oxidative amination of 7 [25] with diaryl-
amine S yielded meso-bis(diarylamino)porphyrin 8.
Finally, deprotection of triisopropylsilyl (TIPS) groups
of 8 by tetrabutylammonium fluoride (TBAF) followed
by Sonogashira coupling reaction afforded desired
porphyrin dye cis-ZnPT, bearing the two electron-
donating diarylamino groups and the two electron-
withdrawing anchoring carboxyphenylethynyl groups.

Optical and electrochemical properties

The UV-vis absorption spectrum of cis-ZnPT in
ethanol is depicted in Fig. 2. The Soret band is split and
broadened covering wavelengths from 400 nm to 550 nm.
The Q-bands are also broadened and red-shifted compared
with cis-ZnP [22] due to the extension of ©t-conjugation

Copyright © 2015 World Scientific Publishing Company

Fig. 2. UV-vis absorption spectra of cis-ZnPT in ethanol (solid
line) and cis-ZnP in dichloromethane (dashed line) [22]

by the additional ethynyl moieites. The lowest-energy
Q-band absorption of cis-ZnPT (684 nm) is even more
red-shifted than that of porphyrin dye SM315 (668 nm)
that recorded the highestn value of 13% [20]. The steady-
state fluorescence spectrum of cis-ZnPT was measured
in ethanol (Fig. 3). In accordance with the absorption
properties, the emision maximum of cis-ZnPT (713
nm) is shifted toward longer wavelength in comparison
with cis-ZnP (680 nm) [22]. From the intersection of the
normalized absorption and emission spectra, the zero—
zero excitation energy (E, ) is determined to be 1.78 eV
(Table 1), which is smaller than that of cis-ZnP (1.89 eV).

J. Porphyrins Phthalocyanines 2015; 19: 142-149
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Table 1. Optical and electrochemical data and driving forces for electron transfer processes on TiO,

A nm (€, 10° M.cm™)

b c
Aem’> M E’,V

E.5V  E SV ESV  AG, eV AG.keV

reg »

cis-ZnPT 448 (91.5)" 713 0.89
478 (74.1)°

624 (7.57)"

684 (25.2)"

408 (96) 630 0.77
476 (35)

577 (6)

636 (8)

cis-ZnP"

-0.85 1.78 -0.89 -0.39 -0.49

-1.13 1.89 -1.12 -0.62 -0.37

*Wavelengths for Soret and Q-bands maxima in ethanol. ®Wavelength for emission maximum by exciting at Soret band. ° Determined
by using DPV (vs. NHE). ¢Determined from intersection of the normalized absorption and emmision spectra. Determined by
adding E, , to E,, (vs. NHE). ‘Driving force for electron injection from the porphyrin singlet excited state into the CB of TiO,
(-0.5 V vs. NHE). ¢ Driving force for dye regeneration by I'/I; redox shuttle (0.4 V vs. NHE). "Taken from Ref. 22.

Fig. 3. Normalized fluoresence spectra of cis-ZnPT in ethanol
(solid line) and cis-ZnP in dichloromethane (dashed line) [22].
The samples were excited at Soret band

These results corroborate that replacement of the
carboxyphenyl groups with the carboxyphenylethynyl
groups at the meso-positions improves the light-harvesting
ability of the porphyrin dye in visible and NIR regions.
To determine the first oxidation potential (E,,) and
reduction potential (E,) of cis-ZnPT, differential pulse
voltammetry (DPV) measurements were conducted
in CH,CIl, containing 0.1 M tetrabutylammonium
hexafluorophosphate (Bu,N*PF,) as an electrolyte
(Fig. 4). The E,, value of cis-ZnPT (0.89 V vs. NHE)
is slightly higher than that of cis-ZnP (0.77 V vs. NHE
[22]), whereas the E,, value of cis-ZnPT (-0.85 V vs.
NHE) is significantly shifted to positive direction relative
to cis-ZnP (-1.13 V vs. NHE [22]). These results imply
that the replacement of the carboxyphenyl groups with
the carboxyphenylethynyl groups at the meso-positions
largely affects the E., value because of the more

Copyright © 2015 World Scientific Publishing Company

Fig. 4. Differential pulse voltammetry (DPV) curves of cis-
ZnPT. The sweeps are shown in (a) oxidation and (b) reduction
regions with a sweep rate of 40 mV.s™". The peaks at 0.25 V
and 0.58 V vs. Fc/Fc* originate from the first and second
oxidation of cis-ZnPT, whereas that at -1.49 V vs. Fc/Fc* from
the first reduction of cis-ZnPT. The DPV measurements were
performed in dichloromethane containing 0.1 M Bu,NPF; as a
supporting electrolyte

J. Porphyrins Phthalocyanines 2015; 19: 143-149
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electron-withdrawing nature of the carboxyphenylethynyl
groups. The electrochemical HOMO-LUMO gap of cis-
ZnPT (1.74 eV) is smaller than that of cis-ZnP (1.90 eV),
which agrees with the trend on the optical bandgaps. From
the specrtroscopic and electrochemical measurements,
the driving forces for electron injection (AG,,;) from the
porphyrin singlet excited state into the CB of TiO, (-0.5V
vs. NHE [18]), and for regeneration of the porphyrin
dye (AG,,) by I'/Iy redox shuttle (+0.4 V vs. NHE [18])
are calculated (Table 1). Since these driving forces are
more negative than -0.3 eV, electron injection and dye
regeneration processes are thermodynamically feasible
and the driving forces are sufficient for efficient electron
transfer.

To gain insight into the ground state geometry of cis-
ZnPT and electron density distribution of HOMO and
LUMO, we performed DFT calculations (B3LYP/6-
31G*) [26]. cis-ZnPT is found to possess a planar
porphyrin ring to which the diarylamino groups are almost
perpendicular, avoiding the steric congestion around the
meso-positions. The calculated HOMO-LUMO gap of
cis-ZnPT (2.12 eV) is smaller than that of cis-ZnP
(2.49 eV), which is consistent with the trends on the
optical and electrochemical HOMO-LUMO gaps. The
electron density of the carboxylic acid anchoring group in
the LUMO of cis-ZnPT is remarkably larger than that of
cis-ZnP [22] (Fig. 5). The electron density distribution of
LUMO around an anchoring group is known to influence
the electronic coupling between the excited adsorbed
dye and 3d orbital of TiO, [22]. Thus, we can anticipate
efficient electron injection from the dye excited state to
the CB of TiO, compared with that of cis-ZnP.

Photovoltaic properties of porphyrin-sensitized
solar cell

Preliminary photovoltaic measurements were carried
out by using the porphyrin dye cis-ZnPT. A TiO,
electrode was immersed in 0.2 mM EtOH solution of
cis-ZnPT at 25°C for 1 h and DSSC was fabricated
with the TiO, electrode stained with cis-ZnPT. The
absorption spectrum of cis-ZnPT adsorbed TiO,
electrode reveals intense absorption profile in visible
and NIR regions (Fig. 6), ensuring high surface coverage
of the TiO, surface by cis-ZnPT. The current-voltage
characteristic was measured under standard AM 1.5
condition using an electrolyte solution consisting of 1.0 M
1,3-dimethylimidazolium iodide, 0.03 M I,, 0.05 M
Lil, 0.1 M guanidinium thiocyanate and 0.50 M 4-
tert-butylpyridine in 85:15 mixture of acetonitrile and
valeronitrile (Fig. 7). The DSSC based on cis-ZnPT
exhibits a short circuit current (Jsc) of 7.65 mA.cm?,
an open circuit voltage (V) of 0.59 V, and a fill factor
(ff) of 0.67, corresponding to an overall 1 value of 3.0%.
Unexpectedly, this m-value is lower than that of DSSC
with cis-ZnP (Joc = 13.0 mA.cm?, V. =0.64 V, ff=0.67,
N =5.5%) [22]. The photocurrent action spectrum follows

Copyright © 2015 World Scientific Publishing Company

Fig. 5. Selected Kohn-Sham orbitals for (a) cis-ZnPT and
(b) cis-ZnP obtained by DFT calculations with B3LYP/6-31G*

Fig. 6. Photocurrent action spectrum of the DSSC with cis-
ZnPT (solid line) and absorption spectrum (dashed line) of cis-
ZnPT adsorbed TiO, electrode. For the absorption spectrum the
scattering TiO, layer was not applied to the TiO, electrode to
obtain the absorption profile accurately

the corresponding absorption spectrum of the porphyrin
adsorbed on the TiO, electrode (Fig. 6). Although the
photocurrent generation responseisrelatively flatin visible
region and exceeds the wavelength more than 800 nm,
the IPCE values are moderate (maximum value of 36%
at 500 nm). The IPCE value is calculated from the
following equation: IPCE = LHE X ¢;,; X 1, where LHE
(light-harvesting efficiency) is the number of absorbed
photons per the number of incident photons, ¢, is the
quantum yield for electron injection, and mn, is the
efficiency of charge collection. Considering that both

J. Porphyrins Phthalocyanines 2015; 19: 144-149
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Fig. 7. Photocurrent-voltage characteristic of the DSSC with
cis-ZnPT

the light-harvesting and electron injection efficiencies are
likely to be high as described above, the low IPCE values
result from the low charge collection efficiency. Zhang
et al. reported that the length of the alkyl chain on the
donor-group of push—pull porphyrins exerts a significant
effect on the photovoltaic properties [27]. They found that
too long alkyl chain on the electron-donating substituent
tends to decrease the Jy. and resultant m values. We
revealed that longer sensitizer dyes along the molecular
axis are likely to be inclined onto TiO, [28-30]. We have
also demonstrated that more tilted geometry of adsorbed
porphyrins to TiO, is responsible for the faster electron
injection and charge recombination as well as the smaller
ratio of long-lived porphyrin radical cation due to the
stronger through-space electronic coupling between the
porphyrin and the TiO,, resulting in small J4 and 1} values
[28, 29]. Although the origin is not clear at this stage,
the long 2-hexyloctyl chains on the electron-donating
diarylamino groups of cis-ZnPT would adopt the more
tilt geometry on the TiO, surface than cis-ZnP, leading to
fast charge recombination between the porphyrin radical
cation and electron in the CB of the TiO, and eventual
small Jy. and 1 values.

To obtain further insight into the relationship between
the charge recombination resistance and the photovoltaic
performance, we applied electrical impedance
spectroscopy (EIS) to the solar cell. The EIS Nyquist
plot for the DSSC based on cis-ZnPT was obtained
under standard AM 1.5 illumination at open-circuit
conditions (Fig. 8). The small semicircle at the left side,
large semicircle in the middle, and large semicircle at the
right side of Fig. 8 correspond to the electron transfer
processes at the Pt electrode, at the TiO,-dye-electrolyte
interface (R,), and in the electrolyte, respectively. A
small R, implies small charge recombination resistance
between the TiO, and the electrolyte. Actually, a R, value
of the DSSC based on cis-ZnPT (16.7 Q) is smaller than

Copyright © 2015 World Scientific Publishing Company

Fig. 8. The EIS Nyquist plot for DSSCs based on cis-ZnPT
under AM 1.5 illumination at open-circuit conditions. The
inset is an equivalent Randles circuit impedance model. Rg
is the series resistance accounting for transport resistance
of transparent conducting oxide (TCO); R, is the charge
transfer resistance for charge recombination at the FTO/TiO,/
electrolyte interfaces; while CPE is the constant phase element
representing capacitance at the TiO,/electrolyte/interface. The
interfacial electron transfer resistance (R,) at the TiO,/dye/
electrolyte interface was determined as 16.7 Q

that (20.06 €2) based on analogous push—pull porphyrin
YD?2 exhibiting a higher photovoltaic performance (J- =
17.05 mA.cm?, Voo = 0.742 V, ff = 0.718, 1 = 9.1%)
under the similar conditions [18]. Therefore, the result of
the EIS measurements is also consistent with the lower
Voc value (0.59 V) of the DSSC with cis-ZnPT than cis-
ZnP (0.64 V) and YD2 (0.742 V).

EXPERIMENTAL

General

Commercially available solvents and reagents were
used without further purification unless otherwise
mentioned. Triethylamine was distilled from CaH,.
Silica-gel column chromatography and alumina column
chromatography were performed with UltraPure Silica
Gel (230-400 mesh, SiliCycle) and Alumina, Activated
(about 300 mesh, Wako). Thin-layer chromatography
(TLC) was performed with Silica gel 60 F,s, (Merck).
Size exclusion gel permeation chromatography (GPC)
was conducted with Bio-Beads S-X1 (Bio-Rad). '"H NMR
spectra were recorded with a JEOL EX-400 spectrometer
(operating at 400 MHz). High-resolution mass spectra
(HRMS) were measured on a Thermo Fischer Scientific
EXACTIVE spectrometer for ESI measurements. UV-vis
absorption spectrum was measured with a Perkin—Elmer
Lambda 900 UV-vis/NIR spectrometer. Steady-state
fluorescence spectrum was obtained by a HORIBA
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SPEX Fluoromax-3 spectrofluorometer. Attenuated
total reflectance-Fourier transform infrared (ATR-FTIR)
spectra were taken with the golden gate diamond anvil
ATR accessory (NICOLET 6700, Thermo scientific),
using typically 256 scans at a resolution of 2 cm™.
All samples were placed in contact with the diamond
window using the same mechanical force. Electrical
impedance spectra were measured on SP-150 (Bio-
Logic) spectrometer.

Synthesis

Tripyrrane[23] and triisopropylsilylpropynal[24] were
prepared according to literature.
7-(4-Methoxybenzyl)tridecan-7-ol (1). To a stirred
suspension of hexylmagnesium bromide [31.4 mmol,
prepared from magnesium (800 mg, 32.9 mmol) and
1-bromohexane(4.4mL,31.4mmol)indryTHF(16.2mL)],
asolution of methyl 2-(4-methoxyphenyl)acetate (1.7 mL,
10.5 mmol) in dry THF (30 mL) was added dropwise at
0°C. The reaction mixture was allowed to warm to room
temperature over 1 h, followed by refluxing overnight.
The reaction was quenched with aqueous saturated
NH,CI at room temperature. The reaction mixture was
diluted with ethyl acetate and layers were separated.
Organic layer was washed with brine, dried over Na,SO,,
and concentrated. The crude mixture was purified by
silica-gel column chromatography (24:1 hexane-ethyl
acetate) to give 1 as a colorless oil. Yield 2.6 g (67%). 'H
NMR (400 MHz; CDCl;; Me,Si): &y, ppm 0.89 (6H, t,
—CH,CH,;), 1.28-1.51 (20H, m, —(CH,)s;CHj;), 2.68 (2H, s,
benzyl), 3.80 (3H, s,~OCHS>), 6.85 (2H, d, Ph), 7.12 (2H, s,
Ph). IR (ATR): v, cm” 836, 1039, 1178, 1248, 1300,
1465, 1512, 1611, 2858, 2930, 2953, 3472. MS (ESI):
mlz 343.2599 (calcd. for [M + Na]* 343.2608).
4-(2-Hexyloctyl)anisole (2). To a stirred solution
of 1 (20 g, 6.2 mmol) in dry CH,Cl, (44 mL),
methanesulfonic acid (0.9 mL, 13.9 mmol) was added at
0°C. After 1 h, the reaction was quenched with aqueous
saturated NaHCO; at 0 °C. Organic layer was separated,
dried over Na,SO,, and concentrated. To the residue,
10% Pd/C (245 mg, 0.2 mmol) and ethyl acetate (10 mL)
were added, and the mixture was stirred overnight under
H, atmosphere. The reaction mixture was filtered through
Celite and concentrated. The crude mixture was purified
by silica-gel column chromatography (hexane) to give 2
as a colorless oil. Yield 1.5 g (79%). '"H NMR (400 MHz;
CDCl;; Me,Si): §y, ppm 0.87 (6H, t, -CH,CH,), 1.23
(20H, m, —(CH,)sCH,), 1.53 (1H, m, -CH(C(H,5),), 2.45
(2H, d, benzyl), 3.79 (3H, s, -OCHs), 6.81 (2H, d, Ph),
7.04 (2H, d, Ph). IR (ATR): v, cm™ 818, 1041, 1177,
1247, 1300, 1465, 1512, 1612, 2855, 2925, 2954. MS
(ESI): m/z 304.2762 (calcd. for [M]* 304.2766).
4-(2-Hexyloctyl)phenyltrifluoromethanesulfonate
(3). To a stirred solution of 2 (1.4 g, 4.8 mmol) in dry
CH,CI, (10 mL), BBr; (5.3 mL, 1 M in CH,Cl,) was added
dropwise at -78 °C. The reaction mixture was allowed to
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warm to room temperature for overnight. The reaction
was quenched with H,O at 0 °C and layers were separated.
Organic layer was dried over Na,SO, and concentrated.
To a stirred mixture of the residue and pyridine (0.6 mL)
in dry CH,Cl, (7.2 mL), trifluoromethanesulfonic
anhydride (1.0 mL, 5.9 mmol) was added. After 1 h, the
reaction was quenched with aqueous 1 M HCl and layers
were separated. Organic layer was dried over Na,SO,
and concentrated. The crude mixture was purified by
silica-gel column chromatography (24:1 hexane-ethyl
acetate) to give 3 as a colorless oil. Yield 1.8 g (89%). 'H
NMR (400 MHz; CDCl;; Me,Si): &, ppm 0.87 (6H, t,
—CH,CHs;), 1.23-1.29 (20H, m,—(CH,)sCH;), 1.59 (1H, m,
—CH(C¢H}5),), 2.54 (2H, d, benzyl), 7.16 (2H, d, Ph),
7.20 (2H, d, Ph). IR (ATR): v, cm™ 558, 632, 889, 1143,
1214, 1250, 1427, 1501, 2857, 2929, 2957. MS (ESI):
mlz 421.2031 (caled. for [M — H] 421.2030).

4-(2-Hexyloctyl)aniline (4). A mixture of 3 (1.0 g,
2.4 mmol), benzophenone imine (0.48 mL, 2.9 mmol),
Pd,(dba); (108 mg, 0.12 mmol), XPhos (225 mg, 0.47
mmol) and Cs,CO; (3.9 g, 11.8 mmol) in dry toluene
(10 mL) was freeze-pump-thaw degassed and stirred
at 90°C overnight. The reaction mixture was cooled to
room temperature and concentrated. The crude mixture
was purified by silica-gel column chromatography
(24:1 hexane-ethyl acetate) to give imine adduct as
yellow oil. To a stirred solution of imine adduct in THF
(30 mL), aqueous 1 M HCI (10 mL) was added. After
1 h, the reaction was quenched with aqueous saturated
NaHCO;. The reaction mixture was diluted with ethyl
acetate and layers were separated. Organic layer was
washed with brine, dried over Na,SO,, and concentrated.
The crude mixture was purified by silica-gel column
chromatography (4:1 hexane-ethyl acetate) to give 4 as
a orange oil. Yield 610 mg (89%). '"H NMR (400 MHz;
CDCl;; Me,Si): &y, ppm 0.87 (6H, t, -CH,CH,;), 1.23
(20H, m, —(CH,)sCHs), 1.52 (1H, m, —-CH(C¢H,5),), 2.41
(2H, d, benzyl), 3.46 (2H, s, -NH,), 6.61 (2H, d, Ph),
6.92 (2H, d, Ph). IR (ATR): v, cm™* 558, 632, 1274, 1466,
1516, 1625, 2855, 2925, 2955, 3355. MS (ESI): m/z
290.2839 (caled. for [M + H]" 290.2842).

Bis[4-(2-Hexyloctyl)phenyl]amine (5). A mixture of
3 (800 mg, 1.9 mmol), 4 (500 mg, 1.7 mmol), Pd,(dba),
(79 mg, 0.086 mmol), XPhos (165 mg, 0.35 mmol) and
Cs,CO; (2.8 g, 8.6 mmol) in dry toluene (10 mL) was
freeze-pump-thaw degassed and stirred at 90 °C overnight.
The reaction mixture was cooled to room temperature
and concentrated. The crude mixture was purified
by silica-gel column chromatography (24:1 hexane-
ethyl acetate) to give 5 as a orange oil. Yield 600 mg
(62%). '"H NMR (400 MHz; CDCl,; Me,Si): 8y, ppm 0.87
(12H, t, -CH,CH>), 1.29 (40H, m, —(CH,);CH;), 1.56
(2H, m, -CH(C¢H,5),), 2.46 (4H, d, benzyl), 5.53 (1H, s,
-NH), 6.98 (4H, d, Ph), 7.04 (4H, d, Ph). IR (ATR):
v, em! 559, 632, 1310, 1459, 1516, 1609, 2856, 2924,
2957, 3398. MS (ESI): m/z 562.5333 (calcd. for [M + H]*
562.5346).
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5,10-Bis(triisopropylsilylethynyl)porphyrin (6). A
mixture of tripyrrane (500 mg, 2.2 mmol), pyrrole
(0.15 mL, 2.2 mmol) and triisopropylsilylpropynal
(934 mg, 4.4 mmol) in CH,Cl, (260 mL) was stirred under
Ar and shielded from light for 15 min, then BF;-OEt,
(0.18 mL, 1.4 mmol) was added. After 45 min, 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (1.5 g,
6.6 mmol) was added and the reaction mixture was
stirred for 10 min. The reaction mixture was passed
through a short alumina column and concentrated.
The crude mixture was purified by silica-gel column
chromatography (3:1 hexane-CH,Cl,) to give 6 as a
purple solid. Yield 95 mg (6.4%). '"H NMR (400 MHz;
CDCl;; Me,Si): &y, ppm -4.21 (2H, s, pyrrole-NH), 1.53
(42H, m, TIPS), 8.86 (2H, s, B), 8.97 (2H, d, PB), 9.50
(4H, m, B), 9.62 (2H, s, meso). IR (ATR): v, cm™ 560,
656, 671, 694, 713, 766, 788, 848, 880, 964, 993, 1052,
1156, 1245, 1459, 2133, 2861, 2939. MS (ESI): m/z
671.3942 (calcd. for [M + H]" 671.3960). mp > 300°C.

[5,10-Bis(triisopropylsilylethynyl)porphyrinato]
zinc(II) (7). To a stirred solution of 6 (200 mg, 0.30 mmol)
in CH,Cl, (30 mL) and MeOH (15 mL), Zn(OAc),
(273 mg, 1.5 mmol) was added. After 5 h, the reaction
mixture was concentrated and passed through a short
silica-gel column (CH,CL,). Reprecipitation from CH,CL,/
MeOH to give 7 as a purple solid. Yield 212 mg (97%).
'"H NMR (400 MHz; CDCl;; Me,Si): &y, ppm 1.58 (42H,
m, TIPS), 8.96 (2H, s, ), 9.00 (2H, d, B), 9.51 (2H, d, B),
9.55 (2H, s, B), 9.57 (2H, s, meso). IR (ATR): v, cm™' 582,
674,697,725,769, 790, 855, 883,997, 1056, 1182, 1212,
1463, 2138, 2864, 2889, 2942. MS (ESI): m/z 733.3071
(calcd. for [M + HJ* 733.3095). mp > 300 °C.

{5,10-Bis[V,N-bis(4-(2-hexyloctyl)phenyl)amino]-
15,20-bis(triisopropylsilylethynyl)porphyrinato}
zinc(I) (8). To a stirred solution of 7 (35 mg,
0.048 mmol) and 5 (130 mg, 0.23 mmol) in CH,CL,
(40 mL), phenyliodine diacetate (PIDA) (31 mg,
0.096 mmol) and NaAuCl,-2H,0 (46 mg, 0.12 mmol)
was added. After 30 min, the reaction was quenched with
aqueous saturated Na,S,0; and layers were separated.
Organic layer was washed with brine, dried over Na,SO,,
and concentrated. To a stirred solution of the residue in
CH,CI, (16 mL) and MeOH (8 mL), Zn(OAc), (87 mg,
0.47 mmol) was added. After 2 h, the reaction mixture was
concentrated. The crude mixture was purified by silica-gel
column chromatography (1:4 hexane-CH,Cl,) to give 8 as
adark green solid. Yield 30 mg (34%). 'HNMR (400 MHz;
CDCl;; Me,Si): &y, ppm 0.83 (24H, t, -CH,CH,),
1.20-1.25 (80H, m, —(CH,);CH;), 1.48-1.57 (46H, m,
—CH(C¢H,5), and TIPS), 2.39 (8H, d, benzyl), 6.92 (8H,
d, Ph), 7.15 (8H, d, Ph), 9.08 (2H, s, B), 9.23 (2H, d, P),
9.53 (2H, d, B), 9.66 (2H, s, B). IR (ATR): v, cm’
634, 795, 883, 1061, 1216, 1260, 1297, 1340, 1463,
1506, 1606, 2139, 2360, 2856, 2925, 2956. MS (ESI):
mlz 1851.3262 (calcd. for [M]* 1851.3251). mp > 300 °C.

{5,10-Bis[V,N-bis(4-(2-hexyloctyl)phenyl)amino]-
15,20-bis[(4-carboxyphenyl)ethynyl]porphyrinato}
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zinc(IT) (cis-ZnPT). To a stirred solution of 8 (25 mg,
0.013 mmol) in dry THF (3.0 mL), TBAF (0.10 mL, 1 M
in THF) was added. After 30 min, the reaction was
quenched with H,O and the reaction mixture was diluted
with CH,Cl,. Layers were separated and organic layer
was dried over Na,SO, and concentrated. A solution of
the residue, 4-iodobenzoic acid (14 mg, 0.056 mmol),
Pd,(dba); (6.0 mg, 0.0066 mmol), triphenylarsine (17 mg,
0.056 mmol) and NEt; (0.67 mL) in dry THF (3.3 mL)
was freeze-pump-thaw degassed and stirred at 80°C
overnight. The reaction mixture was cooled to room
temperature and concentrated. The crude mixture was
passed through a short silica-gel column (MeOH) and
GPC (toluene). Reprecipitation from CH,Cl,/acetonitrile
to give cis-ZnPT as a dark green solid. Yield 10 mg
(42%). UV-vis (EtOH): A, nm (log €) 448 (4.96),
478 (4.87), 624 (3.88), 684 (4.40). '"H NMR (400 MHz;
CDCly/pyridine-ds; Me,Si): 8y, ppm 0.86 (24H, t,
—CH,CHs;), 1.23-1.27 (80H, m,—(CH,)sCH;), 1.56 (4H, m,
—CH(C¢H,5),), 2.42 (8H, d, benzyl), 6.93 (8H, d, Ph),
7.15 (8H, d, Ph), 8.07 (4H, d, Ph), 8.37 (4H, d, Ph), 9.02
(2H, s, B), 9.22 (2H, d, B), 9.53 (2H, d, B), 9.76 (2H, s, PB).
IR (ATR): v, cm™ 709, 792, 854, 1029, 1098, 1175, 1213,
1258, 1312, 1344, 1417, 1453, 1506, 1604, 1688, 2191,
2359, 2853, 2924, 2957, 3472. MS (ESI): m/z 1802.0874
(calcd. for [M + Na]* 1802.0902). mp > 300 °C.

Electrochemistry

Electrochemical measurements were made using an
ALS 630a electrochemical analyzer. Redox potentials
were determined by differential pulse voltammetry
(DPV) in CH,Cl, containing 0.1 M tetrabutylammonium
hexafluorophosphate (Bu,NPF). A glassy carbon (3 mm
diameter) working electrode, Ag/AgNO; reference
electrode, and Pt wire counter electrode were employed.
Ferrocene (+0.64 V vs. NHE) was used as an external
standard for the DPV measurements.

Preparation of porphyrin-sensitized TiO, electrode
and photovoltaic measurements

The preparation of TiO, electrodes and the fabrication
of the sealed cells for photovoltaic measurements were
performed according to literature [18, 31]. The details of
this work were described as follows.

Nanocrystalline TiO, particles (20 nm, CCIC:
PST23NR, JGC-CCIC) and submicrocrystalline TiO,
particles (400 nm, CCIC:PST400C, JGC-CCIC) were
used as the transparent and the light-scattering layers
of the photoanode, respectively. To prepare the working
electrodes, FTO glasses (solar 4 mm thickness, 10 /00,
Nippon Sheet Glass) were first cleaned in a detergent
solution using an ultrasonic bath for 15 min and then rinsed
with distilled water and ethanol. After UV-Oj irradiation
for 18 min, the FTO glass plates were immersed into a
40 mM aqueous TiCl, solution at 70°C for 30 min and
washed with distilled water and ethanol. A layer of the
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nanocrystalline TiO, paste was coated on the FTO glass
plate by a screen-printing method, kept in a clean box
for a few minutes, and then dried over 6 min at 125°C.
This screen-printing procedure with the nanocrystalline
TiO, paste was repeated to reach a thickness of 12 pum.
After drying the films at 125°C, a layer of the sub-
microcrystalline TiO, paste was further deposited by
screen-printing in the same method as the fabrication of
the nanocrystalline TiO, layer, resulting in formation of
a light-scattering TiO, film of 4 um on the transparent
TiO, film of 12 um. Finally, the electrodes coated with
the TiO, pastes were gradually heated under an airflow at
325°C for 5 min, at 375 °C for 5 min, at 450 °C for 15 min,
and at 500°C for 15 min. The thickness of the films was
determined using a surface profiler (SURFCOM 130A,
ACCRETECH). The size of the TiO, film was 0.16 cm?
(4 X 4 mm). The TiO, electrode was treated again with
40 mM TiCl, solution at 70 °C for 30 min and then rinsed
with distilled water and ethanol, sintered at 500°C for
30 min, and cooled to 70°C before dipping into the
dye solution. The TiO, electrode was immersed into an
ethanol solution of the porphyrin (0.20 mM) at 25°C
for 1 h.

The counter electrode was prepared by drilling a small
hole in an FTO glass (solar 1 mm thickness, 10 /[,
Nippon Sheet Glass), rinsing with distilled water and
ethanol followed by treatment with 0.1 M HCI solution
in 2-propanol using an ultrasonic bath for 15 min. After
heating in air for 15 min at 400°C, the platinum was
deposited on the FTO glass by coating with a drop of
H,PtCl; solution (2 mg in 1 mL of ethanol) twice. Finally,
the FTO glass was heated at 400 °C for 15 min to obtain
the counter Pt electrode. A sandwich cell was prepared by
using the dye-anchored TiO, film as a working electrode
and a counter Pt electrode, which were assembled with
a hotmelt-ionomer film Surlyn polymer gasket (DuPont,
50 um), and the superimposed electrodes were tightly
held and heated at 110 °C to seal the two electrodes. The
aperture of the Surlyn frame was 2 mm larger than that of
the area of the TiO, film, and its width was 1 mm. The hole
in the counter Pt-electrode was sealed by a film of Surlyn.
A hole was then made in the film of Surlyn covering the
hole with a needle. A drop of an electrolyte was put on
the hole in the back of the counter Pt electrode. It was
introduced into the cell via vacuum backfilling. Finally,
the hole was sealed using Surlyn film and a cover glass
(0.13-0.17 mm thickness). A solder was applied on each
edge of the FTO electrodes. The electrolyte solution used
was 1.0 M 1,3-dimethylimidazolium iodide, 0.03 M L,
0.05 M Lil, 0.1 M guanidinium thiocyanate and 0.50 M
4-tert-butylpyridine in 85:15 mixture of acetonitrile and
valeronitrile.

Incident photon-to-current efficiency (IPCE) and
photocurrent—voltage (I-V) performance were measured
on an action spectrum measurement setup (CEP-2000RR,
BUNKOUKEIKI) and a solar simulator (PEC-LI10,
Peccell Technologies) with a simulated sunlight of AM
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1.5 (100 mW.cm?), respectively: IPCE (%) =100 x 1240 x
i/(W,, X A), where i is the photocurrent density (A.cm?),
W, is the incident light intensity (W.cm™?), and A is the
excitation wavelength (nm). During the photovoltaic
measurements, a black plastic tape was attached on the
back of the TiO, electrode except for the TiO, film region
to reduce scattering light.

CONCLUSION

We synthesized for the first time a porphyrin dye cis-
ZnPT with enhanced push—pull character, by introduing
two diarylamino groups and two carboxyphenylethynyl
groups as electron-donating and electron-withdrawing
anchoring groups, respectively. The absorption spectrum
displayed broad and red-shifted absorption compared
with the reference porphyrin without the triple bonds
in the anchoring groups, achieving panchromatic light-
harvesting in visible and NIR regions. This exemplifies
that introduction of multiple electron-donating and
electron-withdrawing groups into a porphyrin core
is a potential strategy for the rational design of
porphyrin sensitizers for light-harvesting applications.
Unfortunately, the preliminary photovoltaic performance
(n = 3.0%) is moderate, but the extensive photocurrent
generation matches with the excellent light-harvesting
property of cis-ZnPT. We believe that further modulation
of the photovoltaic propeties of porphyrin DSSCs will
be possible by selecting suitable electron-donating and
electron-withdrawing groups as well as introducing the
substituents into the porphyrin core in an elavorated
manner.
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ABSTRACT: The first example of a tungsten(V) corrole complex, (Mes,(p-OMePh)corrole)WCl,, has
been prepared through a metathesis reaction of a lithium corrole (Mes,(p-OMePh)corrole)Li, - 6THF and
WCl,. The product constitutes the first example of a tungsten(V) corrole complex synthesized under mild
conditions and only the second example of a tungsten corrole complex.

KEYWORDS: corrole, tungsten, early transition metal, air sensitive.

INTRODUCTION

Reports of early transition metal complexes of
conjugated macrocycles are becoming increasingly
common. These compounds are of interest in part due
to their utility for organometallic transformations [1], as
oxygen reduction catalysts [2, 3], and for applications in
light harvesting [4] and fluorescence [5]. Interest has also
grown in the development of new methodologies that
make reliable synthesis of both the starting ligands and
their air-sensitive metal complexes feasible.

In particular, the preparation of metallocorrole
complexes has developed considerably in the past
decade. Preparation of a range of meso-substituted
corroles became broadly accessible with the publication
of a number of papers by Paolesse [6], Gross [7, 8], and
Gryko [9, 10]. This has led to the preparation of corrole
complexes from across the periodic table, including
complexes of iridium [11], gold [12], lead [13], and
bismuth [14]. Our work in this area has focused on the
development of lithium corrole as a metathesis reagent
[15] which has allowed the preparation of a series of
group 4 [15, 16], lanthanide [17], and actinide [18]
corrole complexes.

Recent work by Gross and coworkers led to the
preparation of the only example of a tungsten corrole

*Correspondence to: John Arnold, email: arnold @berkeley.edu
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complex [19]. This species is a high-valent tungsten(VI)
p-oxo bridged dimeric complex, and is one of only a
handful of third row transition metal corrole complexes
prepared to-date. Also of great interest is the recent
preparation and crystallographic characterization of a
molybdenum(IV) oxo corrole complex [20]. Along with
the spectroscopic identification of mononuclear (0xo)-
molybdenum(IV) corroles and previous reports of (0x0)-
molybdenum(V) corroles [21-23], these species suggest
a wealth of unexplored reactivity of early transition metal
corrole complexes where both the ligand and the metal
have potential redox activity.

Here we present the preparation and full structural
characterization of the first tungsten(V) corrole complex,
based on a metathesis reaction with a trilithium corrole
complex.

RESULTS AND DISCUSSION

The tungsten(V) corrole dichloride complex (Mes,(p-
OMePh)corrole)WCl, was prepared in toluene by the com-
bination of (Mes,(p-OMePh)corrole)Li;-6THF with 1.5
equivalents of tungsten hexachloride at -40°C (Scheme 1).
Evaporation of the solvent under vacuum, followed by
extraction and recrystallization in hexanes, afforded dark
brown crystals of the product in 70% yield (Scheme 1).

The UV-visible spectrum in dichloromethane is shown
in Fig. 1 (absorption maxima are listed in the Experimental
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[LiITHF,4]

Cl
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-40°C/rt, 3 h
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\
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Scheme 1. Synthesis of (Mes,(p-OMePh)corrole)WCl,

Fig. 1. UV-visible absorption spectrum of (Mes,(p-OMePh)
corrole) WCl, in dichloromethane

Fig. 2. Molecular structure of (Mes,(p-OMePh)corrole)WCl,,
determined by single-crystal X-ray diffraction. H atoms and
non-coordinated solvent omitted for clarity; thermal ellipsoids
at 50% probability level

section). The spectrum includes one strong, intense Soret
band around 426 nm and three less intense Q-bands (or o
bands) [24] between 540 and 625 nm. In the ESI-MS, peaks
attributable to tungsten-oxo species were seen, no doubt
due to facile hydrolysis by the matrix used to solubilize the
air- and moisture-sensitive complex (see Experimental).
As expected for a W(V), d' system, '"H NMR spectroscopy
revealed only broad, poorly defined signals.

Crystals suitable for X-ray diffraction were grown
by slow evaporation in hexane at room temperature
(see Fig. 2). Despite the lower oxidation state, the W-N,

Copyright © 2015 World Scientific Publishing Company

plane distance of 0.867 A is shorter than those observed
in the bridged [1-oxo dimer tungsten(VI) corrole complex
[19] (0.961(4)-0.970(4) A), perhaps due to steric
repulsion between the two corrole ligands in the latter.
The distance is longer than for the corresponding Mo(V)
[21] and Mo(IV) [20] species (0.729(1) A) and 0.78 A
respectively), consistent with the slightly larger radius of
tungsten vs. molybdenum.

EXPERIMENTAL

General considerations

All reactions were performed using standard
Schlenk and N,-atmosphere glovebox techniques.
Glassware was stored in an oven at ca. 180 °C. Solvents
were dried by passing through a column of activated
alumina and degassed with nitrogen [25]. UV-visible
spectra were determined with a Varian Cary 50 UV-vis
spectrophotometer using a 1 mm quartz cell. Mass
spectral data (ESI-MS, positive mode) were obtained at
the University of California, Berkeley Microanalytical
Facility, using vacuum-dried samples dissolved in dry
THF. X-ray crystal diffraction analyses were performed
at the University of California, Berkeley CHEXRAY
facility. Melting points were determined using sealed
capillaries prepared under nitrogen and are uncorrected.

Trilithium 5,15-bis(2,4,6-trimethylphenyl)-10-(4-
methoxyphenyl)corrole hexakis (tetrahydrofuran) (Mes,-
(p-OMePh)corroleLiy-6THF) was prepared according
to a previously reported procedure [15]. Tungsten hexa-
chloride was obtained from Aldrich.

Synthesis

Tungsten(V) 5,15-bis(2,4,6-trimethylphenyl)-10-(4-
methoxyphenyl)corrole dichloride Mes,(p-OMePh)
corrole) WCl, was prepared as follows. Mes,(p-OMePh)
corroleLi;- THF, (120 mg, 0.110 mmol) and WCl, (65 mg,
0.165 mmol) were combined in toluene (20 mL) and
stirred at -40°C for 10 min. The solution was then
allowed to warm to room temperature and stirred for 3 h.
After this time, the solvent was removed under vacuum
and the solid was extracted with hexanes (2 X 3 mL),

J. Porphyrins Phthalocyanines 2015; 19: 151-153
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Table 1. Crystallographic data for (Mes,(p-OMePh)
corrole)WCl,

(Mes,(p-OMePh) corrole)WCl,

Formula C,sH;,CLN,O,W,
Form. wt., amu 975.43
Wavelength, A 0.71073
Space group P2,/n

a, A 8.1411 (8)
b, A 18.6966 (18)
e, A 26.845 (3)
o,° 90

B.° 93.389 (5)
Y.° 90

v, A3 4078.9 (7)

A 4

Peateas glem® 1.588

Fooo 1940

W, mm! 3.135

T in/ Tonax 0.859/0.940
Refl’ns collected 34,341
Indep. refl’ns 7454

R 0.0476

R\, WR, 0.0476, 0.1169
R, (all data) 0.0570

GoF 0.936

Res. peak/hole, e/A® 3.826/-1.796

filtered through Celite®, concentrated until saturation
and allowed to stand to afford the product as dark brown
blocks (69 mg, 70% yield). Single crystals suitable for
X-ray diffraction were obtained by slow evaporation of a
solution of the product in hexanes at room temperature.
UV-vis (dichloromethane): A, nm 426, 542, 584, 621.
ESI-MS (+): m/z caled. for C,,Hy;N,O;W-[W(corrole)]
0,": 853.2370; found 853.2390. mp decomposition
above 300°C.

Determination of molecular structure
by single-crystal X-ray diffraction

X-ray structural determinations were performed
on a Bruker APEX II Quazar diffractometer. The
instrument is Kappa Geometry with DX and is a 3-circle
diffractometer that couples a CCD detector [26] with a
sealed-tube source of monochromated Mo Ko radiation.
A crystal of appropriate size was coated in Paratone-N
oil and mounted on a Kaptan® loop. The loop was
transferred to the diffractometer, centered in the beam,
and cooled by a nitrogen flow low-temperature apparatus

Copyright © 2015 World Scientific Publishing Company

that had been previously calibrated by a thermocouple
placed at the same position as the crystal. Preliminary
orientation matrices and cell constants were determined
by collection of 60 10 s frames, followed by spot
integration and least-squares refinement. The reported
cell dimensions were calculated from all reflections
with />10 o. The data were corrected for Lorentz and
polarization effects; no correction for crystal decay
was applied. An empirical absorption correction based
on comparison of redundant and equivalent reflections
was applied using SADABS [27]. All software used
for diffraction data processing and crystal-structure
solution and refinement are contained in the APEX2
program suite (Bruker AXS, Madison, WI) [28].
Thermal parameters for all non-hydrogen atoms were
refined anisotropically. For all structures, R, = X(|F,| —
[ED/E(E D wR, = [E(w(E,—F ) /Z{w(F,)?}]". ORTEP
diagrams were created using the ORTEP-3 software
package and POV-ray [29]. Table 1 shows crystallographic
data for (Mes,(p-OMePh)corrole)WCl,.

CONCLUSION

In summary, the first tungsten(V) corrole complex
has been prepared. By analogy to previously prepared
monomeric corrole and porphyrin chloride complexes,
this new compound has the potential to further broaden
the scope of metallocorrole chemistry. Further studies
aimed at exploring the reactivity of this unusual corrole
complex are in progress and will be reported in due
course.
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ABSTRACT: A novel terbium-cobalt porphyrin {[Tb(H,0);][Co(TPPS)]},-nH;O (1) (TPPS =
tetra(4-sulfonatophenyl)porphyrin) has been synthesized via a hydrothermal reaction and structurally
characterized by X-ray single crystal diffraction. Compound 1 is characterized by a three-dimensional
(3-D) porous open framework, which is originated from the Co(TPPS) moieties interconnected by the
terbium ions. The fluorescence study shows that compound 1 displays an emission band in the blue
region. Nanosecond transient spectra reveals that the fluorescence lifetime is 1.14 ms. The cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) experiments discovers one reversible wave

with E,, = -0.80 V.

KEYWORDS: crystal structure, hydrothermal reaction, framework, fluorescence, porphyrin.

INTRODUCTION

Porphyrins broadly exist in nature and they are a key
factor in photosynthesis process and red blood cells carrying
dioxygen[1]. Because porphyrinshave special physiological
activity and unique properties, they can be widely used
in the areas such as catalysts, electrochemical sensors,
medicine, solar energy conversion, and so on [2—4]. The
peripheral organic groups and nitrogen atoms of porphyrin
core can coordinate with metal ions, so porphyrins can act
as a multifunctional ligand to construct metalloporphyrinic
frameworks (MPFs). MPFs have recently received more and
more interest because they exhibit important applications
in the fields of optical, adsorption, catalysis, energy and
electron transfer [5-8]. Up to date, many non-metallated
porphyrins have been applied as a second building unit

*Correspondence to: Wen-Tong Chen, email: wtchen_2000@
aliyun.com, tel/fax: +86 796-811-9239

Copyright © 2015 World Scientific Publishing Company

(SBU) to prepare new MPFs, for example, tetrakis(4-
carboxyphenyl)porphyrin (TCPP), meso-tetra(4-pyridyl)
porphyrin  (TPyP), tetrakis(4-(carboxymethyleneoxy)-
phenyl)porphyrin (TCMOPP), tetrakis(3,5-dicarboxy-
phenyl)porphyrin (TDCPP) [9-14].

Similar to these nonmetallated porphyrins, the tetra(4-
sulfonatophenyl)porphyrin (TPPS) is also known as
a rigid, large and square planar symmetrical ligand
with many coordination sites, one is the center of the
24-membered macrocyclic porphyrin core, the others
are the 12 oxygen atoms on the peripheral sulfonic
groups. As a result, TPPS is probably a useful SBU to
design and construct MPFs. However, TPPS has been
rarely found in synthesizing MPFs and there are only
two MPFs containing TPPS have been documented up
to date [15, 16]. Therefore, the crystal structures and
properties of MPFs containing TPPS are still needed to
be investigated. In recent years, our interest is mainly
focused on the TPPS-containing MPFs, which might
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have interesting structural motifs and properties like
florescence and magnetism. We report in this work the
hydrothermal synthesis, crystal structure and properties
of a terbium-cobalt TPPS porphyrinic compound, i.e.
{[Tb(H,0);][Co(TPPS)]},-nH;0 (1) (TPPS = tetra(4-
sulfonatophenyl)-porphyrin), which shows a 3-D porous
open framework. Compound 1 was investigated by X-ray
single-crystal diffraction, FT-IR, UV-vis, fluorescence,
luminescence lifetime, CV and DPV.

EXPERIMENTAL

Materials and instrumentation

All chemical reagents were commercially available
and used without further purification. FT-IR was
conducted on a Nicolet 5SDX spectrometer. UV-vis
spectra were obtained on a PE Lambda 900 spectrometer.
Fluorescence was measured on an Edinburgh FLS920
apparatus. Fluorescent lifetime was carried out by a
Photon Technology International GL-3300 nitrogen
laser. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were performed on a BAS 100W
electrochemical analyzer in deaerated methanol solution
with 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAPF6) as a supporting electrolyte under argon
atmosphere. A three-electrode cell was adopted with
a platinum wire and a platinum working electrode as a
counter electrode.

Synthesis of {[Tb(H,0);][Co(TPPS)]},-nH,0 (1)

It was synthesized by loading TbCl;-6H,0 (0.5 mmol,
187mg),CoCl,-6H,0(0.5mmol, 119mg), TPPS (0.1 mmol,
94 mg) and 10 mL distilled water into a 23 mL Teflon-
lined stainless steel reactor and heating it at 473 K for three
days. The product was then cooled to room temperature
and purple crystals were collected by filtration and
washed with distilled water. The yield is 16% (based
on terbium). FT-IR (KBr): v, cm! 3424(vs), 2365(w),
1632(vs), 1446(m), 1393(m), 1173(vs), 1125(s), 1039(s),
998(vs), 809(m), 741(s) and 641(m).

X-ray structure determination

A single crystal was carefully selected and mounted
on a glass fiber for X-ray diffraction experiment. The
intensity data were gathered on a Rigaku Mercury
CCD X-ray diffractometer equipped with graphite-
monochromatic Mo-Ko. radiation (A = 0.71073 A) by
using a ® scan method. CrystalClear program was
applied to data reduction and empirical absorption
correction [17]. By means of Siemens SHELXTL™
Version 5 program, the crystal structure was solved by the
direct methods and refined by full-matrix least-squares
on F? [18]. The non-hydrogen atoms were yielded by
difference Fourier maps and refined with anisotropic

Copyright © 2015 World Scientific Publishing Company
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Table 1. Summary of crystallographic data and structure

analysis

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions
a, A

b, A

¢, A

a,°

B,°

v,°

Volume, A3

Z

Density, calculated, Mg.m
Crystal size, mm
Color

Shape

Theta range for data
collection, °

Index ranges

Reflections collected
Independent reflections
Reflections with [I > 26(I)]
Refinement method
Goodness-of-fit on F?
Final R indices (obs.)

R indices (all)

W, mm!

F(000)

Largest and mean A/G

Ap(max, min), e/A?

C,H;;,CoN,O,,S,Tb
1219.83
Triclinic

P1

11.1637 (15)
13.4231 (12)
19.713 (2)
71.9640 (10)
74.6130 (10)
75.7640 (10)
2664.7 (5)

2

1.520

0.14 x0.10 x 0.08
Purple
Block
3.30-25.03

-13<h<13,-15<k<15,-17
<1<23

15,230

8717

4177

Full-matrix least-squares on F*
0.996

R, =0.0755, wR, = 0.1556
R,=0.1182, wR,=0.1784
1.851

1218

0.001, 0

1.241,-1.070

thermal parameters. Hydrogen atoms, except for those
on the water molecules, were theoretically generated and
allowed to ride on their respective parent atoms, but were
not refined. Tables 1 and 2 list the crystallographic data
as well as the selected bond lengths and angles.

RESULTS AND DISCUSSION

As shown in Table 1, compound 1 is crystallized in the
P1 space group of the triclinic system with two formula
units in one cell. An ORTEP drawing with atomic
labels of the crystal structure of 1 is given in Fig. 1.

J. Porphyrins Phthalocyanines 2015; 19: 155-159
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Table 2. Selected bond lengths (A) and bond angles (°)

Tb(1)-O(6)#1 2.162 (3)
Tb(1)-O(4)#2 2.238 (3)
Tb(1)-O(12)#3 2.371 (3)
Tb(1)-O(1)#4 2.533 (3)
Tb(1)-0(9) 2.479 (3)
Tb(1)-O(1W) 2.296 (4)
Tb(1)-O(2W) 2.501 (4)
Tb(1)-O(3W) 2.347 (4)
Co(1)-N(1) 1.969 (3)
Co(1)-N(2) 1.966 (3)
Co(1)-N(3) 1.972 (3)
Co(1)-N(4) 1.950 (3)
O(6)#1-Tb(1)-O(4)#2 1165 (1)
O(6)#1-Tb(1)-O(1W) 76.1 (1)
O(4)#2-Tb(1)-O(1W) 75.3 (1)
O(6)#1-Tb(1)-O(3W) 74.7 (1)
O(4)#2-Tb(1)-O(3W) 75.1 (1)
O(1W)-Tb(1)-O(3W) 1223 (2)
O(6)#1-Tb(1)-O(12)#3 80.7 (1)
O(4)#2-Tb(1)-O(12)#3 141.6 (1)
O(1W)-Tb(1)-O(12)#3 76.5 (2)
O(W)-Tb(1)-O(12)#3 143.0 (1)
O(6)#1-Tb(1)-O(9)#4 78.9 (1)

O(4)#2-Tb(1)-O(9)#4 138.8 (1)
O(1W)-Tb(1)-O(9)#4 145.0 (1)
O(BW)-Tb(1)-O(9)#4 72.9 (1)
O(12)#3-Tb(1)-O(9)#4 75.5 (1)
O(6)#1-Tb(1)-0O(2W) 145.9 (1)
O(4)#2-Tb(1)-0(2W) 74.2 (1)
O(1W)-Tb(1)-0(2W) 136.7 (1)
O(3W)-Tb(1)-0(2W) 77.8(2)
O(12)#3-Tb(1)-0O(2W) 111.6 (1)
O(9)#4-Th(1)-O(2W) 74.2 (1)
O(6)#1-Tb(1)-0(1) 144.1 (1)
O(4)#2-Tb(1)-0(1) 73.5 (1)
O(1W)-Tb(1)-O(1) 73.6 (1)
O(W)-Tb(1)-O(1) 139.0 (1)
O(12)#3-Tb(1)-0(1) 73.89 (9)
O(9)#4-Tb(1)-0(1) 117.5 (1)
O(2W)-Tb(1)-O(1) 68.8 (1)
N(4)-Co(1)-N(2) 176.5 (1)
N(4)-Co(1)-N(1) 90.2 (1)
N(2)-Co(1)-N(1) 89.8 (1)
N(4)-Co(1)-N(3) 90.1 (1)
N(2)-Co(1)-N(3) 90.2 (1)
N(1)-Co(1)-N(3) 174.6 (1)

Symmetry codes: #1 x-1, y-1, z; #2 -x+2, -y+1, -z; #3 -x+1, -y, -z+1; #4 -x+1, -y+1, -z+1.

Fig. 1. An ORTEP drawing of 1 with 20% ellipsoid probability.
The lattice water molecules and hydrogen atoms were omitted
for clarity

Copyright © 2015 World Scientific Publishing Company

X-ray single-crystal diffraction analysis discovers that
compound 1 is characteristic of a 3-D porous open
framework. The molecular structure of 1 is comprised
of {[Tb(H,0O);][Co(TPPS)]},” anions and protonated
water molecules. The Tb* ions are bound by eight
oxygen atoms from five sulfonic groups and three
coordinating water molecules, constructing a slightly
distorted square anti-prism geometry. Two neighboring
Tb** ions are interlinked by two L,-sulfonic groups to
give a Tb,0,, moiety. The shortest distance between
two neighboring Tb* ions is 4.6888(4) A. The bond
lengths of Tb—O are in the range of 2.162(3) 10\-2.533(3)
A with a mean value of 2.366(4) A, which is normal and
comparable with those documented in the references
[19-24]. The bond angles of O-Tb—O are in the wide
span of 68.8(1)°-145.9(1)°.

The cobalt ions are resided in the center of the
24-membered macrocyclic porphyrin core. Each cobalt
ion is surrounded by four nitrogen atoms of the porphyrin
core, forming a slightly distorted square. The bond
lengths of Co-N are between 1.950(3) A and 1.972(3) A,
which is also normal and comparable with those reported
previously [25-30]. The shortest distance between two
neighboring cobalt ions is 6.2263(6) A. Each Tb,0,,

J. Porphyrins Phthalocyanines 2015; 19: 156—159
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Fig. 2. A packing diagram of 1

moiety connects eight Co(TPPS) molecules to complete
a 3-D porous open framework with the channels parallel
to the a direction, as shown in Fig. 2. The lattice water
molecules locate in the voids of the 3-D porous open
framework.

The porphyrin macrocycle in 1 exhibits a saddle-
distorted geometry and the four pyrrole rings slightly
distort in an alternant mode either upward or downward
with respect to the mean plane of the saddle-like
porphyrin macrocycle. The displacement of the atoms on
the 24-membered porphyrin macrocycle is from -0.413 A
t0 0.380 A. The displacement of the four pyrrole nitrogen
atoms is +0.077 A from their mean plane. With respect
to the plane of four pyrrole nitrogen atoms which might
represent the average plane of the macrocyclic porphyrin
core, the distortion angles of the aryl rings are 55.55°,
62.81°, 72.82° and 101.22°, respectively. It should be
pointed out that compound 1 exhibits a large void space
being 320 A* which is 12% of the unit-cell volume.

Gouterman has put forward a four orbital’s theory [31],
i.e. the UV-vis absorption spectrum of a metalloporphyrin
generally displays two kinds of absorption bands, one
strong B-band (or Soret band) at around 400 nm and
several weaker Q-bands locating at 500-650 nm. The
UV-vis absorption spectrum of 1 carried out in methanol
solutions at room temperature is shown in Fig. 3. The
B-band is found at 433 nm with a molar absorption
coefficient € being of 4.74 x 10* M'.cm”. From the
UV-vis absorption spectrum we also observe one Q-band
residing at 549 nm. As for a free-base porphyrin, it
generally possesses three or four Q-bands. Therefore,
the Q-band number of 1 is less than a normal free-base
porphyrin. Such discrepancy in the Q-band number could
be ascribable to the increase of the molecular symmetry
of porphyrins, which is originated from the metalation of
the porphyrins.

Copyright © 2015 World Scientific Publishing Company
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0.0

T T 1
400 600 800
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Fig. 3. UV-vis absorption spectrum

In general, the terbium ion can exhibit good
fluorescence properties. Considering this, we measured
the fluorescence of 1 under room temperature. To our
knowledge, because of the concentration quenching
effect, porphyrins in solid state can not emit fluorescence.
As aresult, the fluorescent spectra of 1 were conducted in
methanol solutions. The fluorescent measurements reveal
that the excitation spectra of 1 have effective energy
absorption in the range of 300—400 nm, as shown in Fig. 4.
The excitation spectra of 1 display a maximum value at
355 nm. We also carried out the emission spectra of 1
by using a photo-excitation of 355 nm and, the emission
spectra exhibit a narrow and sharp emission band in the
blue region with a maximum value being of 461 nm.

This fluorescent emission band is obviously not
ascribable to the characteristic emissions of terbium.
For terbium ions, the emission spectra generally display
four emission bands at around 492, 548, 588 and

157

J. Porphyrins Phthalocyanines 2015; 19: 157-159



158

W.-T. CHEN ET AL.

Fig. 4. The excitation (green) and emission (red) spectra

623 nm, corresponding to the characteristic emission
’D,-'F, transitions (J = 6, 5, 4 and 3, respectively) of Tb**
ions [32-35]. The absence of the characteristic emissions
of the Tb* ions suggests that TPPS cannot effectively
transfer the absorbed energy to the Tb* ions. On the
other hand, it is well-known that porphyrins usually
exhibit emissions at wavelengths longer than 600 nm.
Hence, the peak at 461 nm is not originated from the
porphyrin ligand, either. As a result, it is proposed that
the peak at 461 nm is probably due to the metal to ligand
charge transfer (MLCT). By means of a time-correlated
single-photon counting technique, we performed the
fluorescence lifetime experiment in methanol solutions.
The time-resolved nanosecond transient spectra of 1
are shown in Fig. 5 and the spectra are fitted as a single
exponential. The fluorescence lifetime of 1 is determined
to be 1.14 ms in methanol solutions.

Kadish and his co-workers have pointed out that some
vital factors, which mainly decide the redox potentials of a
porphyrin,includethe supportingelectrolytes, the solvents,
and porphyrin itself [36]. The redox potentials sometimes
can be different up to 1.0 V, depending on different
conditions. The cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV) of compound 1 were
performed in methanol solutions and TBAPF, (0.1 M)
at room temperature in argon atmosphere. A slow scan
CV curve of compound 1 shows one reversible couples
(-0.86 V and -0.74 V) with E,, being of -0.80 V, which
is very close to the value of -0.79 V on DPV diagram, as
shown in Fig. 6. The reversible redox potentials should be
ascribed to the first oxidation of the porphyrin moieties.
Besides the reversible couple waves, there are two more
reductive peaks locating at -0.30 V and -1.32 V in the
CV diagram, which are also in good agreement with
the values of -0.32 V and -1.31 V in the DPV diagram,
respectively.

In this work we report a novel terbium-cobalt
porphyrin  {[Tb(H,0);][Co(TPPS)]},-nH;0, which is
prepared via a hydrothermal reaction. The title compound
is characterized by a 3-D porous open framework.

Copyright © 2015 World Scientific Publishing Company

Fig. 5. Nanosecond transient spectra

Fig. 6. CV( blue solid) and DPV(green dashed) curves

Compound 1 displays a large void space being of 320 A’
which is 12% of the unit-cell volume. It displays a
fluorescence emission band in the blue region and the
fluorescence lifetime is 1.14 ms in methanol solutions.
The CV and DPV measurements discover a reversible
couple waves with E,, =-0.80 V.

Acknowledgements

This work was supported by the NSF of
China (21361013), the NSF of Jiangxi Province
(20132BAB203010), the science and technology

project of Jiangxi Provincial Department of Education
(GJJ14554) and the open foundation (No. 20130014) of
the State Key Laboratory of Structural Chemistry, Fujian
Institute of Research on the Structure of Matter, Chinese
Academy of Sciences.

Supporting information

Crystallographic data for the structural analysis
have been deposited at the Cambridge Crystallographic
Data Center (CCDC) under number CCDC-982022 for
(1). Copies can be obtained on request, free of charge,

J. Porphyrins Phthalocyanines 2015; 19: 158—159



A NOVEL TERBIUM-COBALT TETRA(4-SULFONATOPHENYL)PORPHYRIN

via www.ccdc.cam.ac.uk/data_request/cif or from the
Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: +44 1223-336-033
or email: data_request@ccdc.cam.ac.uk).

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Kadish KM, Van Caemelbecke E and Royal G. The
Porphyrin Handbook, Vol. 8, Kadish KM, Smith
KM and Guilard R. (Eds.) Academic Press: San
Diego, CA, 2000; pp 1-114.

Jiang J and Ng DKP. Acc. Chem. Res. 2009; 42:
79-88.

Drain CM, Varotto A and Radivojevic I. Chem. Rev.
2009; 109: 1630-1658.

Bucher C, Devillers CH, Moutet JC, Royal G and
Saint-Aman E. Coord. Chem. Rev. 2009; 253:
21-36.

Zou C and Wu CD. Dalton Trans. 2012; 41:
3879-3888.

Fateeva A, Chater PA, Ireland CP, Tahir AA, Khi-
myak YZ, Wiper PV, Darwent JR and Rosseinsky
MI. Angew. Chem., Int. Ed. 2012; 51: 7440-7444.

. Wang XS, Chrzanowski M, Kim C, Gao WY, Woj-

tas L, Chen YS, Zhang XP and Ma S. Chem. Com-
mun. 2012; 48: 7173-7175.

Fateeva A, Devautour-Vinot S, Heymans N, Devic
T, Greneche JM, Wuttke S, Miller S, Lago A, Serre
C, Weireld GD, Maurin G, Vimont A and Férey G.
Chem. Mater. 2012; 23: 4641-4646.

Morris W, Volosskiy B, Demir S, Géandara F,
McGrier PL, Furukawa H, Cascio D, Stoddart JF
and Yaghi OM. Inorg. Chem. 2012; 51: 6443-6445.
Zou C, Xie MH, Kong GQ and Wu CD. CrystEng-
Comm. 2012; 14: 4850-4856.

Smythe NC, Butler DP, Moore CE, McGowan WR,
Rheingold AL and Beauvais LG. Dalton Trans.
2012; 41: 7855-7858.

Matsunaga S, Endo N and Mori W. Eur. J. Inorg.
Chem. 2011; 29: 4550-4557.

Zha Q, Rui X, Wei T and Xie Y. CrystEngComm.
2014; 16: 7371-7384.

Zha Q, Ding C, Rui X and Xie Y. Cryst. Growth
Des. 2013; 13: 4583-4590.

Chen WT, Yamada Y, Liu GN, Kubota A, Ichikawa
T, Kojima Y, Guo GC and Fukuzumi S. Dalton
Trans. 2011; 40: 12826—-12831.

Demel J, Kubat P, Millange F, Marrot J, Cisatova I
and Lang K. Inorg. Chem. 2013; 52: 2779-2786.

Copyright © 2015 World Scientific Publishing Company

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

CrystalClear ver. 1.35, (Rigaku Corporation) 2002.
SHELXTLTM ver. 5, Reference Manual, (Siemens
Energy & Automation Inc, Madison, Wisconsin,
USA) 1994.

Cai SL, Zheng SR, Fan J, Tan JB, Xiao TT and
Zhang WG. J. Solid State Chem. 2011; 184:
3172-3178.

Zheng SR, Cai SL, Yang QY, Xiao TT, Fan J and
Zhang WG. Inorg. Chem. Commun. 2011; 14:
826-830.

Stojanovic M, Robinson NJ, Assefa Z and Sykora
RE. Inorg. Chim. Acta 2011; 376: 422-427.

Yan X, Li Y, Wang Q, Huang X, Zhang Y, Gao C,
Liu W, Tang Y, Zhang H and Shao Y. Cryst. Growth
Des. 2011; 11: 4205-4212.

Cristovao B, Klak J, Miroslaw B and Mazur L.
Inorg. Chim. Acta 2011: 378: 288-296.

Chen MS, Zhao Y, Okamura TA, SuZ, Sun WY and
Ueyama N. Supramol. Chem. 2011; 23: 117-124.
Muniappan S, Lipstman S, George S and Goldberg
L. Inorg. Chem. 2007; 46: 5544-5554.

Annoni E, Pizzotti M, Ugo R, Quici S, Morotti T,
Casati N and Macchi P. Inorg. Chim. Acta 2006;
359: 3029-3041.

Hodgson MC, Burrell AK, Boyd PDW, Brothers PJ
and Rickard CEF. J. Porphyrins Phthalocyanines
2002; 6: 737-747.

Wang K, Poon CT, Wong WK, Wong WY, Choi CY,
Kwong DWIJ, Zhang H and Li ZY. Eur. J. Inorg.
Chem. 2009; 7: 922-928.

Konarev DV, Khasanov SS, Saito G and Lyubovs-
kaya RN. Cryst. Growth Des. 2009; 9: 1170-1181.
Konarev DV, Neretin IS, Saito G, Slovokhotov
YL, Otsuka A and Lyubovskaya RN. Eur. J. Inorg.
Chem. 2004; 9: 1794-1798.

Gouterman M. The Porphyrins, Vol. I1I; Dolphin D.
(Ed.) Academic Press: New York, 1978.

Yan B and Zhu HX. J. Fluoresc.2007;17: 331-337.
Viswanathan S and Bettencourt-Dias A. Inorg.
Chem. Commun. 2006; 9: 444-448.

Chen W and Fukuzumi S. Inorg. Chem. 2009; 48:
3800-3807.

Horiuchi T, Iki N, Hoshino H, Kabutob C and
Miyano S. Tetrahedron Lett. 2007; 48: 821-825.
Kadish KM, Van Caemelbecke E, D’Souza F, Lin
M, Nurco DJ, Medforth CJ, Forsyth TP, Krat-
tinger B, Smith KM, Fukuzumi S, Nakanishi I and
Shelnutt JA. Inorg. Chem. 1999; 38: 2188-2198.

159

J. Porphyrins Phthalocyanines 2015; 19: 159-159



Journal of Porphyrins and Phthalocyanines
J. Porphyrins Phthalocyanines 2015; 19: 160-170
DOI: 10.1142/51088424614501053

Published at http://www.worldscinet.com/jpp/

Systematic studies on side-chain structures of
phthalocyaninato-polysiloxanes: Polymerization

and self-assembling behaviors

Satoru Yoneda? Tsuneaki Sakurai*2*’, Toru Nakayama'™, Kenichi Kato®,

Masaki Takata® and Shu Seki*®

*Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan
®School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
°RIKEN SPring-8 Center, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan

Dedicated to Professor Shunichi Fukuzumi on the occasion of his retirement

Received 26 October 2014
Accepted 5 November 2014

ABSTRACT: A series of dihydroxysilicon phthalocyanines having soluble side chains were synthesized
and their bulk-state polymerization capability was investigated. Detailed spectroscopic study of the
obtained phthalocyaninato-polysiloxanes revealed that strong electron donating ability and small steric
hindrance of the peripheral substituents are the dominant factors to afford high-molecular weight polymers.
The polymers show the behaviors of columnar liquid crystal (LC), which is clarified by the presence of
clear X-ray diffraction patterns with a hexagonal lattice and birefringent textures in polarized optical
microscopy. Because of the siloxane covalent bonds through central silicon atoms, phthalocyaninato-
polysiloxanes accommodate one-dimensional phthalocyanine arrays with strong mt-electronic couplings,
thus exhibiting colmnar LC property even for the derivatives carrying short peripheral chains and leading
to the relatively higher density of m-electron systems in the materials. This tendency is different from
typical discotic small molecules that require optimum side chain structures for LC formation.

KEYWORDS: phthalocyanine, one-dimensional polymer, liquid crystal, columnar phase.

INTRODUCTION

Along with the recent progress in organic electronics,
researchers have increasingly focused on the solid-state
assembly of m-electron-rich conjugated molecules [1, 2].
In developing a novel semiconducting material, synthetic
approaches are useful for manipulating the electronic
property in a molecular level. However, at the same
time, changing the molecular structure often results in
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the drastic change of its assembled (packing) structure
that eventually affects the charge carrier transporting
property [3, 4]. Consequently, we have always difficulty
in predicting and controlling the charge transport
properties of the organic materials in the assembled
state. In that sense, columnar assembly of disc-shaped
molecules allowing well-defined one-dimensional charge
carrier transport pathways are interesting for tailoring
organic semiconductors. Phthalocyaninato-polysiloxane
(PcPS) is one of such compounds, where phthalocyanine
rings are cofacially arranged at the distance of ~3.3 A
n-stacking periodicity (Scheme 1) [5-7]. Due to this
characteristic structure, PcPS has often been called as
“Shish-kebab polymer”. The non-substituted propotype
compound was reported in 1962 by Joyner and Kenney
[8]. On the other hand, Wegner and coworkers developed
soluble derivatives with high molecular weight [9, 10],
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Scheme 1. Dihydroxysilicon phthalocyanine and its polymerization reaction

while Nolte and coworkers recently reported more
complex systems [11, 12]. These derivatives form
a Langmuir-Blodgett film that shows anisotropic
conductive property upon carrier doping [13, 14]. In the
most recent decade, analogous heterochromophore
arrays based on pyrrole-based macrocycles was reported
[15, 16]. While normal m-conjugated disc-shaped
molecules can self-assemble into columnar structures
only when they carry appropriate side chains [17], PcPS
has a polysiloxane chains that keeps columnar stacking
of Pc rings with strong electronic coupling, in principle
for any derivatives. This distinguishing feature must
allow PcPSs to be attractive for molecular electronics
and device applications. Although development of a
soluble PcPS with ultrahigh degree of polymerization
is worth investigating since it affords long-range hole
transporting materials [18-20], nevertheless, the variety
of reported PcPS molecules was quite limited [21-23].
Namely, the relationship between peripheral groups and
polymerization behaviors has remained unclear to date,
herein we newly synthesized a series of dihydroxysilicon
phthalocyanines (SiPcs) with various type of side chains
and investigated their polymerization capability, liquid
crystallinity [24, 25] and self-assembled structures. As
a consequence, we found that strong electron donating
ability and small steric hindrance of the peripheral
substituents enhance the condensation reaction of the
axial hydroxyl groups to form high molecular-weight
polymers. Besides, we revealed that PcPSs tend to form
a columnar liquid crystal (LC) with a hexagonal packing,
even for the derivatives carrying small side chains, which

Copyright © 2015 World Scientific Publishing Company

is a characteristic behavior compared to usual small
molecules-based discotic LCs.

EXPERIMENTAL

Chemicals and instruments

Unless otherwise noted, all commercial reagents were
purchased from Wako Pure Chemical Industries Ltd.,
Tokyo Chemical Industry Co. Ltd. and Sigma—Aldrich
Co. and used as received. The detailed synthetic shemes
are described in the supplementary material. Column
chromatography was performed on Silica Gel 60N
(spherical, neutral) from Kanto Chemicals, or silica gel
PSQ 60B (spherical, neutral) from Fuji Silysia Chemical
Ltd. TLC analyses were carried out on aluminum sheets
coated with silica gel 60 (Merck 5554). Recycling
preparative size-exclusion chromatography (SEC) was
performed by using JAIGEL 1H and 2H polystyrene-
gel columns on a JAI model LC-9210NEXT recycling
preparative HPLC system.

Characterization of compounds

"H NMR spectra were recorded in CDCI, on a JEOL
model 400SS spectrometer, operating at 400 MHz,
where chemical shifts were determined with respect
to tetramethylsilane (TMS) as an internal reference.
Matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry was performed on a
Bruker model Autoflex III spectrometer using dithranol as
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a matrix. Electronic absorption spectra were recorded on
a JASCO model V-570 UV/VIS/NIR spectrophotometer.

Polarized optical microscopy (POM)

Polarized optical micrographs were recorded on
a Nikon model ECLIPSE E600FN polarized optical
microscope equipped with a hand-made hot stage and
KPI model TCO2 temperature controller. Thin film
samples were fabricated on a glass plate and heated to
ca. 150 °C. After 10 min annealing, they were allowed to
room temperature and observed by the microscope.

Differential scanning calorimetry (DSC)

DSC measurements were performed on a Mettler
model DSC 822e¢ differential scanning calorimeter.
Cooling and heating profiles were recorded and analyzed
with a Mettler model STARe system. Polymer samples
were put into an aluminum pan and allowed to a
measurement under N, gas flow.

X-ray diffraction analysis (XRD)

X-ray diffraction measurements were carried out using
a synchrotron radiation X-ray beam with a wavelength

of 0.108 nm on BL44B2 at the Super Photon Ring
(SPring-8, Hyogo, Japan) [26]. A large Debye—Scherrer
camera was used in conjunction with an imaging plate
as a detector, and all diffraction patterns were recorded
with a 0.01° step in 26. During the measurements,
samples were put into a 0.5-mm thick glass capillary
and rotated to obtain a homogeneous diffraction pattern.
The exposure time to the X-ray beam was 1.5 min. The
temperature was controlled by high-temperature N, gas
flow. Heating and cooling process was carried out at a
rate of 10°C min™' and annealed at the target temperature
for 2 min prior to the beam exposure.

RESULTS AND DISCUSSION

Synthesis of dihydroxysilicon phthalocyanines

In this study, 13 dihydroxysilicon phthalocyanine
derivatives were prepared in total as shown in Fig. 1. They
include linear alcoxy, branched alcoxy, alkyl, thioalkyl,
alkynyl, and phenoxy groups, where the number of side
chains per Pc unit is four or eight. These side chains
were introduced into the peripheral (2, 3, 9, 10, 16, 17,
23 and 24) position of Pc rings since non-peripherally

Rg R1
R, OH Ro 1: Ri= . O~ Ry,=0Me
>N
\ N\ N= 2: Ri=Rp= O~
N Si N
N\ TN Y
{\l N 3t Ry=Rp= .0~
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Fig. 1. Chemical structures of dihydroxysilicon phthalocyanine derivatives
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Fig. 2. MALDI-TOF-MS spectra of (a) 1, (b) 2, (¢) 5, (d) 6, (e) 10 and (f) 12. Mass peak at around [M + 10]" in (a), (c) and
(f) indicate a fragment that tends to appear upon high laser intensity

substituted SiPcs are known to stop polymerization
[27]. Compounds 1-4 were synthesized according to
the reported procedures with a slight modification,
while 5-13 were newly synthesized as shown in the
supplementary material. The isolation of these SiPcs was
confirmed by thin-layer chromatography and MALDI-
TOF-MS spectrometry (Fig. 2). Strong aggregation
tendency of SiPcs did not allow clear "H NMR spectra in
CDCl, at room temperature. However, some derivatives
enable to show clear spectra in C,D,Cl, or C,D,Cl, at
high temperature without oligomerization (Fig. 3). At
the same time, alcoxy derivatives such as 2 easily form
oligomers in a NMR tube in such a high-temperature
condition, which becomes evident by preparative size-
exclusion chromatography of the resultant solution
followed by MALDI-TOF-MS analysis of the eluted
fractions.

Copyright © 2015 World Scientific Publishing Company

Polymerization of dihydroxysilicon phthalocyanines

Polymerization reaction was carried out under vacuum
by elevating up to 200 °C the temperature of the bulk 1-13
in a glass vial, respectively, where the reaction time was
set at 24 h. After 24 h, we checked the polymerization
progress by blue shift of Q-band in absorption spectra. If
there are residual monomers in the system, then further
24 h reaction was performed. When the absorption
spectra was saturated, the sample was allowed to room
temperature and used as the polymer named as poly-1,
poly-2, and so on.

Role of side chains on polymerization behaviors

In the earlier works, degree of polymerization for
PcPS was estimated by various analytical methods
including size-exclusion chromatography (SEC), IR
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Fig. 3. '"H NMR spectra of (a) 8 in CDCl, at 60 °C, (b) 8 in CD,Cl, at 120°C, (¢) 12 in CDCl, at 60 °C and (d) 12 in C;,D,Cl,. Spectra
(a) and (c) indicate the aggregation behavior. The asterisk in (d) shows an impurity

spectroscopy focusing on terminal hydroxyl groups,
absorption spectral shift of Q-band upon nt-stacking, and
small-angle X-ray scattering (SAXS) in solution [25, 28,
29]. Although SAXS analysis seems most suitable for the
absolute evaluation of the rod-shaped polymer length, we
used UV-vis spectroscopic method for convenience and
simplicity. Due to the strong electronic coupling among
Pc rings with H-type stacking configuration [30], PcPS
generally shows a remarkable blue shift of its Q-band
even in dilute solution, which is clearly demonstrated
by the isolation and spectroscopic study of soluble SiPc
discrete oligomers [31, 32]. Based on this blue-shift value,
it is possible to estimate the degree of polymerization and
easily compare its degree among different derivatives.
After absorption spectral saturation upon heating
up to 200°C, reported compounds 2—4 as well as its
analog 1 looked purple and showed an obvious blue shift
of Q-band (AA = 130-137 nm) (Fig. 4a and Table 1),
which well agrees with the previous result of 2 [25].
The average degree of polymerization (P,) from the
observed blue shift (0.43-0.45 eV), leading to the lower
limit of 25, is considered to be ca. 100 [28, 29]. Although
huge aromatic compounds are more difficult to ionize
than low-molecular weight chemicals, we detected the
molecular mass of e.g. over 10 mer for Poly-1 (M, ~
20000) in MALDI-TOF-MS spectrometry (Fig. 5). Of

Copyright © 2015 World Scientific Publishing Company

interest, it took a much shorter reaction time for 2 to show
spectral saturation than that for 4, while 3 took a time
between them. This order implies that 2 is more fludic
and provides higher molecular mobility thanks to the
peripheral dodecyloxy chains, which results in the shorter
required time until the condensation reaction between
axial hydroxyl groups. Meanwhile, as already described,
the absorption spectra of Poly-1-4 are almost identical.
These observations predict that the final P, value is
determined by the local electronic density of Pc cores,
whereas the fluidity of side chains may affect the required
reaction time to complete the polymerization. In sharp
contrast, tetra-alcoxy-substituted Poly-5 showed a smaller
blue shift of its Q-band (AA = 103 nm) than Poly-1-4
(Fig. 4b). Considering the negligible effect of fluidity on
the eventual absorption spectra, this small shift originates
from the substitution pattern of the Pc core. In fact, Poly-
6, Poly-7, and Poly-8, tetra-substituted derivatives having
branched alcoxy chains afford similar spectra to Poly-5
rather than Poly-1-4, indicating that local electronic
density is the dominant factor to determine P,. More
specifically, the order of Q-band shift was Poly-5 >
Poly-6 > Poly-7 > Poly-8. In other words, when electronic
states of monomers resemble each other, the monomer
having side chains with smaller volume leads to higher
P,, due to their steric effect on the reactivity of hydroxyl

J. Porphyrins Phthalocyanines 2015; 19: 164-170



Fig. 4. UV-vis spectra of polymer (solid lines) and monomer (dashed lines) of (a) 1 (navy), 2 (green), 3 (yellow), 4 (red), (b) 5
(navy), 6 (green), 7 (yellow), 8 (red), (c) 9 (navy), 10 (green) and (d) 11 (pink), 12 (purple), 13 (brown) in CHCl, diluted solutions

Table 1. Summary of the observed absorption maxima and blue shift of Q-bands, birefringence in optical images and phase structures
determined from XRD measurements

SYSTEMATIC STUDIES ON SIDE-CHAIN STRUCTURES OF PHTHALOCYANINATO-POLYSILOXANES

Compound Absorption Absorption Blue-shift  Birefringence Birefringence Self-organized  Self-organized
maxima of maxima of value, eV in POM for  in POM for structure for structure for
Q-band for Q-band for monomer polymer monomer atrt  polymer at rt
monomer, nm polymer, nm
1 680 550 0.431 Yes Yes Col, Col,
2 683 549 0.443 Yes Yes Col, Col,
3 682 549 0.440 Yes Yes Col, Col,
4 682 545 0.457 Yes Yes Col, Col,
5 686 583 0.319 Yes Yes Col, Col,
6 687 602 0.255 No Yes Amorphous Col,
7 687 615 0.211 No Yes Amorphous Col,
8 687 644 0.121 No Yes Amorphous Col,
9 683 683 0 No — —° —
10 690 640 0.140 Yes No Col, Amorphous
11 713 — — Yes — b —
12 718 718 0 Yes Yes Col, Col,
13 686 618 0.199 Yes Yes Col, Col,

29 did not polymerize. "We did not check because of their undesirable polymerization behaviors. €11 was insoluble after heating
for 24 h. Phase notation: Col,, hexagonal columnar phase; Col,, rectangular columnar phase; Col,, unidentified columnar phase,

respectively.

Copyright © 2015 World Scientific Publishing Company
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Fig. 5. MALDI-TOF-MS spectra of (a) Poly-1, (b) Poly-5, (c) Poly-6, (d) Poly-10, (e) Poly-12 and (f) Poly-13

groups (Fig. 4b). It is more obvious by seeing the fact that
compound 9, whose electronic density distribution must
resemble 1-4, hardly change its absorption spectra before
and after the heating treatment (Fig. 4c). Eight branched
chains prevent the access of hydroxyl groups by their
huge steric effect.

Then, we investigated the effect of other types of side
chains such as alkyl, thioalkyl, alkynyl, and phenoxy
groups. As aresult, all 10-13 show no significant blue shift
of their Q-band after heating (Fig. 4d), while the obtained
Poly-10-13 just showed a sign of small oligomeric
products in MALDI-TOF-MS such as dimer and trimer
(Fig. 5). The observed smaller spectral shift of Poly-10
than that of Poly-2 strongly supports our hypothesis
that electron-donating ability of peripheral substituents
increases the saturated P,, value. In fact, an earlier report

Copyright © 2015 World Scientific Publishing Company

proved that a methylhydroxy SiPc with octapentyloxy
chains can dimerize in solution at the lower temperature
than the analogous octapentyl derivative [33]. As
discussed in that literature, the difference between alkyl
and alcoxy substituents hardly affects their oxidation
potentials of Pc rings, thus resulting in the change in
reactivity of axial hydroxyl groups. Meanwhile, 11
afforded an insoluble substance after heating. We gave up
to investigate further on this compound. Compound 12,
a thioalkyl analog of 2, seemed to form small oligomeric
products. On the other hand, a derivative 13 has phenoxy
groups with electron donating capability. However,
judging from absorption and MALDI-TOF-MS spectra, a
large steric effect by phenyl rings operates and prevents its
sufficient polymerization. Overall, through the approach
of synthesizing a series of SiPc libraries, we newly found

J. Porphyrins Phthalocyanines 2015; 19: 166-170
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Fig. 6. In situ variable-temperature X-ray diffraction patterns of (a) 1 from 30 to 210°C and (b) 2 from 50 to 220 °C upon heating.
1 at 210°C and 2 at 220 °C indicate the formation of Poly-1 and Poly-2, respectively. Arrows show diffraction peaks corresponding

to the m-stacking distances

Table 2. Observed and calculated d-spacing values for Poly-1-8 from their XRD patterns at 30 °C

Compound®  Assignment of ~ Cell parameters, A hkl = 1000 hkl =1 100 hkl = 2000 hkl = 2100 hkl = QO]
phase structure dyps (d), A doys (de)s A dy (dy), A dys (do)s A dyss A
Poly-1 Col, a=28.7,¢=333 24.9 (24.9) 144 (144) 12.5(12.5) —° 333
Poly-2 Col, a=34.6,c=3.32 30.0 (30.0) 17.2(17.3)  14.9(15.0) 11.4 (11.3) 3.32
Poly-3 Col, a=29.8,c=3.33 25.9 (25.8) 149 (14.9) 12.9(12.9) 9.75 (9.76) 333
Poly-4 Col, a=268,c=3.33 23.3(23.2) 134 (134) 11.6(11.6) 8.77 (8.77) 333
Poly-5 Col, a=128.6,c=3.34 24.9 (24.8) 142 (14.3) 12.4(12.4) —b 3.34
Poly-6 Col, a=234,¢c=3.35 20.2 (20.3) 11.7(11.7)  10.3 (10.2) —> 3.35
Poly-7 Col, a=284,c=342 24.8 (24.6) 14.2 (14.2) 12.3 (12.3) 9.30 (9.30) 3.42
Poly-8 Col, a=329,c=347 28.2 (28.2) 163 (16.3)  14.1 (14.1) 10.7 (10.7) 3.47¢

2PcPSs exhibiting featureless XRD patterns at 30 °C are not shown here. " No clear peak was observed. °Corresponding diffraction

peak was very broad.

not only (i) small steric hindrance of the peripheral
substituents but also (ii) strong electron donating ability
are the important factors to obtain high-molecular weight
PcPS polymers.

Self-organized structures

Liquid crystalline materials of m-electron systems
are interesting because they serve as a soft organic
semiconductor with directional charge carrier transporting
property [17, 34]. As reported in previous researches, both
the monomer and polymer of alcoxy derivatives such as
1-4 and Poly-1-4 are known to exhibit a columnar phase
[25]. In the case of monomeric SiPcs, m—T interactions
among Pc rings and intermolecular hydrogen bonding
by hydroxyl groups contribute to stabilize a hexagonal
or rectangular columnar phase [35]. In contrast, PcPSs
self-assemble into hexagonal columnar phases due to the
face-to-face m-stacking with no columnar-isotropic liquid
phase transition. We confirmed this tendency by in situ
variable-temperature X-ray diffraction (XRD) analysis.

Copyright © 2015 World Scientific Publishing Company

For example, as shown in Fig. 6b, the initial powder
sample of 2 displayed a m-stacking periodicity of d =
3.88 A. Upon heating up to 220°C, Poly-2 was formed
and showed a set of sharp peaks in XRD that can be
assigned to a hexagonal lattice together with a decreased
Pc-to-Pc distance of d = 3.32 A due to the formation of
siloxane bonds.

Next, our new libraries were characterized by XRD
and POM. All of Poly-5-8 on a glass plate showed
a birefringent texture in POM under crossed Nicols
condition as (Fig. 8). In addition, a set of diffraction
peaks, assignable to a hexagonal packing, appeared in
XRD of all these polymers, where the observed lattice
parameter a is 28.6, 23.4, 28.4 and 32.9 A for Poly-
5-8, respectively (Table 2). The m-stacking distances
were also confirmed, giving the lattice parameter ¢ of
3.34, 3.35, 3.42 and 3.47 10\, respectively. Although all
the PcPSs have the polysiloxane backbone, the Si—O-Si
distance was modulated in response to the volume of side
chains. Interestingly, as clarified by the dark images in
POM (Figs 8k, 8m and 80) and featureless XRD patterns
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Fig. 7. X-ray diffraction patterns of (a) Poly-1 (navy), Poly-2 (green), Poly-3 (yellow), Poly-4 (red), (b) 1 (navy), 2 (green), 3
(yellow), 4 (red), (c) Poly-5 (navy), Poly-6 (green), Poly-7 (yellow), Poly-8 (red), (d) 5 (navy), 6 (green), 7 (yellow), 8 (red),
(e) Poly-10 (navy), Poly-12 (green), Poly-13 (yellow) and (f) 10 (navy), 12 (green), 13 (yellow) at 30 °C

(Fig. 7d), monomeric 6-8 give amorphous materials.
Based on this fact, we consider that the branched side
chains destabilize the m-stacking interaction due to the
remarkable steric effect. Taking into account that Poly-
6-8 adopt hexagonal columnar phases, it is explained that
the covalently assembled Pc rings by the siloxane bond
leads to form a column and such rod-shaped PcPSs were
eventually packed into a hexagonal lattice. By contrast,
10 having eight dodecyl chains shows a rectangular
columnar phase, exhibiting the tendency of not a face-
to-face but slipped m-stacking (Fig. 7 and Table 3). Its
oligomer, Poly-10, displayed broad peaks in XRD and
a dark image in POM (Figs 7c and 8s). With these
experimental results, we suppose that Poly-10 indicates a

Copyright © 2015 World Scientific Publishing Company

low degree of polymerization (P,,) not to form a column.
Moreover, owing to the nature of polycondensation
systems, Poly-10 consists of a mixture of different length
oligomers, which decreases the structural order in the
solid-state packing to result in an amorphous substance.
The monomers 12 and 13, as well as oligomeric Poly-13,
all showed a birefringent image in POM (Figs 8u—8x).
Nevertheless, Poly-12 and Poly-13 gave featureless
broad peaks in XRD that are not enough for determining
their packing structure (Fig. 7c).

It is revealed that SiPcs having at least four alcoxy
chains at the peripheral positions let their axial hydroxyl
groups be reactive to polymerize in the condensed phase.
The obtained PcPSs with an sufficiently high P, are
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Table 3. Observed and calculated d-spacing values for 10 from its XRD pattern at 30 °C

Compound  Assignment of ~ Cell parameters, A hkl =110 hkl =200 hkl =020 hkl =310 hkl =400
phase structure dobs (dcal)’ A dobs (dca])’ A dobs (dcal)’ A dcbs (dca])’ A dobs (dcal)’ A
10 Col, a=47.0,b=33.1 27.0(27.1) 23.3(23.5) 16.6 (16.6) 14.0 (14.2) 11.6 (11.8)

Fig. 8. Optical (top) and crossed polarized (bottom) images of
() 1, (b) Poly-1, (c) 2, (d) Poly-2, (e) 3, (f) Poly-3, (g) 4, (h)
Poly-4, (i) 5, (j) Poly-5, (k) 6, (1) Poly-6, (m) 7, (n) Poly-7, (o)
8, (p) Poly-8, (q) 9, (r) 10, (s) Poly-10, (t) 11, (u) 12 (v) Poly-
12, (w) 13 and (x) Poly-13

composed of face-to-face m-stacking of Pc arrays that
self-assemble into a two-dimensional hexagonal packing
structure. Accordingly, all the observed m-stacking peaks
in XRD look broad that is different from the nature of

Copyright © 2015 World Scientific Publishing Company

single crystalline oligomers. Namely, Pc rings in PcPSs
are dynamically fluctuated regardless of being fixed
by a siloxane bond, which exactly provides the liquid
crystalline character over a wide temperature range.
Our results disclosed the generality of such an effect of
siloxane bonds, as is evident by the fact that compounds
6-8 form amorphous state but Poly-6-8 self-assemble
into a columnar LC. In usual discotic liquid crystals
based on small molecules, large aromatic cores should
be subjected to multisubstitution by long alkyl chains for
liquid crystallization [17, 36]. Consequently, the volume
of semiconducting units become too small in the resultant
materials, which often leads to poor performance as an
organic semiconductor. In sharp contrast, PcPSs are able
to behave as a liquid crystalline material having one-
dimensional hole-transporting property, with minimizing
the volume of the peripheral insulating chains. This
feature is quite promising for developing soft materials
with high density of electronic functional sites.

CONCLUSION

Inspired by the unique structure of phthalocyaninato-
polysiloxane (PcPS) that enables a one-dimensional
hole-transporting pathway fixed by siloxane bonds, we
have explored the structural requirement of peripheral
chains of the phthalocyanine core for affording high
molecular weight polymers. Through the approach of
newly synthesized dihydroxysilicon phthalocyanine
libraries, we noticed that the key factors are strong
electron donating ability and small steric hindrance of
the peripheral substituents. Furthermore, we revealed
that PcPSs with a sufficient degree of polymerization
generally self-assemble into a hexagonal columnar
LC. This is even the case for the PcPSs having four
ethylhexyl chains whose monomeric precursors cannot
form a columnar LC. The behavior most likely originates
from the polysiloxane backbone that fixes the m-stacked
array and stabilizes the columnar assembly. Therefore,
we believe that PcPSs would come back, unlike normal
disc-shaped small molecules, as a soft material affording
both high density of functional units and anisotropic
ordered structures.
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ABSTRACT: A 2,18-bis(diphenylphosphino)porphyrin ligand undergoes complexation with silver(I)
chloride to afford a stable phosphine-silver complex. X-ray crystallographic analysis of the complex
revealed a dimeric structure of a 1:2 adduct of the diphosphine and silver(I) chloride, where each
phosphorus atom coordinates a silver atom. The four AgCl units construct a distorted cubic cluster with
small metallophilic interaction. Variable temperature *'P NMR study exhibited a slow ligand exchange

process between 'Ag and 'Ag at high temperature.

KEYWORDS: porphyrin, diphosphine, silver complex, cubic cluster.

INTRODUCTION

All group 11 metals in the oxidation state +I
often form clusters with a variety of configurations
depending on geometric and electronic nature of their
ligands and metals [1]. Among interactions working
in metal complexes, electrostatic contributions, such
as dipole—dipole interactions, are dominant in clusters
of coordinated silver(I) halides. In the case of simple
triphenylphoshine-silver halides (PPh;)AgX, cubane-like
tetrameric clusters (A) and ladder-like tetrameric clusters
(B) were experimentally characterized (Chart 1) [2]. The
cubane-like tetrameric cluster (A) was revealed to be the
most stable configuration by single crystal analysis as
well as theoretical calculations [3]. Diphosphine ligands
show more diverse coordination ability. In addition to
A and B [4], various configurations have been seen in
the solid state structure of group 11 metal halides, for
example, quadrangular dimeric cluster with monodentate
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coordination (C) [5] or bidentate coordination (D) [6],
trigonal bipyramidal trimeric cluster (E) [7], and drum-
like hexameric cluster (F) [8].

We have developed a rigid porphyrin-based
diphosphine ligand 1, which shows tridentate coodination
to group 10 metals to form PCP-pincer complexes with
a meso-carbon—metal bond [9]. To investigate further
coodination behavior of the porphyrin-based diphosphine
ligand, we have tested complexation with silver(I)
chloride with an expectation of cluster formation.

RESULTS AND DISCUSSION

We prepared 2,18-bis(diphenylphosphino)porphyrin
1 according to our previous report [9]. Diphosphine
ligand 1 was treated with an excess amount of silver(I)
chloride in N,N-dimethylformamide (DMF)/toluene.
After consumption of 1, filtration of the residual silver
salt with Celite® followed by recrystallization from
CH,Cl,/methanol afforded a stable silver complex 2 in
80% yield as pure red solids (Scheme 1). The *'P NMR
spectrum of 2 in CDCl; at 25°C showed two sets of
doublets, characteristic in phosphine-silver complexes
[10], at -6.54 ppm (Fig. 1). The doublets were observed
in a downfield range compared to the signal of the parent
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Chart 1. Structural types observed for phosphine complexes of
group 11 metal halides

ligand 1 of -25.36 ppm, because of the coordination to a
silver atom. The coupling constants of the inner and outer
doublets are 586 Hz and 677 Hz, respectively. These
two doublets are assigned to 'Ag—'P and '"Ag-'P
coupling, respectively, considering the gyromagnetic
ratio and isotopic ratio of '?Ag/'®Ag in the literature [10].
The high-resolution electrospray-ionization time-of-flight

Ar

/Ph
Ar
P\Ph
AgCI (5 equiv)
Ar
/Ph DMF/toluene
p 100°C, 1 h
\Ph
Ar
1

Ar = 3,5-di-tert-butylphenyl

(HR-ESI-TOF) mass spectrum of 2 indicated the base ion
peak at m/z = 2849.9814 of [M-2Ag-3CI]* (calcd. for
C,7,H 5oNg*Cl1,'®Ag,®Ni,P,; 2849.9794) suggesting a
facile dimeric assembly of 2 in an acetonitrile solution.
The UV-vis absorption spectrum of 2 in CH,Cl, exhibited
a strong Soret-band at 430nm and a weak Q-band
at 538nm (Fig. 2). The slight red-shifts indicate that
electronic interaction between assembled two porphyrin
units is negligible in a CH,Cl, solution.

The explicit solid state structure of 2 was determined
by X-ray crystallographic analysis (Fig. 3). Single
crystals for the measurement were grown by vapor
diffusion of acetonitrile in a benzene solution of 2. Each
silver atom is coordinated by one phosphine ligand and
three |L;-chloride ligands. Four silver centers aggregate to
construct a distorted Ag,Cl, cubic cluster. Two porphyrin
units were proved to be assembled through the Ag,Cl,
core. Each phosphorus atom of 1 coodinates to one
silver atom, the two silver atoms being coordinated by
one molecule of 1. The distances between the two silver
atoms coordinated by the same 1 were determined to
be 3.1028(11) A for Ag(1)-Ag(2) and 3.0895(10) A for
Ag(3)-Ag(4). Generally, d'°-d' closed-shell interaction,
so-called metallophilic interaction, is too small to be
dominant in the coordination chemistry of copper and
silver compounds [11]. However, these Ag—Ag bonds are

Ar Ar
Ph A
/Ph \
Pl N\
pf N0 A Ph
Ag—|—+Cl
Y Ar
AT Ag—\-ci= /T\Ph
Ph =Ag
B o Ph
2: 80% yield

Scheme 1. Synthesis of silver complex 2

Fig. 1. *'P NMR spectrum of 2 in CDCl, at 25 °C

Copyright © 2015 World Scientific Publishing Company

Fig. 2. UV-vis absorption spectra of 1 and 2 in CH,Cl,
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Fig. 3. X-ray crystal structure of 2. The thermal ellipsoids are scaled to 30% probability. Solvent molecules and fert-butyl groups

are omitted for clarity

Fig. 4. Variable temperature *'P NMR spectra of 1.5 mM and 5.0 mM

CDCI, solutions of 2 from 40 °C to 60°C

significantly shorter than twice the van del Waals radius
of Ag of 1.72 A, suggesting the existence of metallophilic
interaction, although the other Ag—Ag distances are in a
range of 3.55-3.72 A.

The dynamic behavior of 2 was examined through
variable temperature *'P NMR study. As mentioned
above, two sets of sharp doublets were observed at 25 °C
in CDCl,. This is different from the fact that sharp signals
are seen only below -30 °C in the case of monophoshine-
silver halide system. The ligand exchange process
between '’Ag and '®Ag is usually rapid on a *'P NMR
time scale to exhibit broad signal at room temperature
[10]. Figure 4 shows the *'"P NMR spectra of 2 at higher
temperatures. With increase of the temperature from

Copyright © 2015 World Scientific Publishing Company

40°C to 60°C, the original sharp signals
gradually changed to broad signals. After
cooling the heated solution, the sharp signals
of 2 were observed again. This tendency was
independent of the concentration of 2 and the
same spectra were obtained from 1.5 mM
and 5.0 mM solutions. These results indicate
that an intramolecular ligand dissociation-
recombination process would proceed at high
temperature and that the dimeric structure is
fairly stable.

EXPERIMENTAL

General

All reagents were of the commercial
reagent grade and were used without further
purification except where noted. Dry DMF
was distilled from P,Os. Dry toluene was
distilled from CaH,. UV-vis absorption
spectra were recorded on a Shimadzu
UV-2550 spectrometer. 'H NMR (600 MHz),
BCNMR (151 MHz),and*'PNMR (243 MHz)
spectra were recorded on a JEOL ECA-600 spectrometer.
Chemical shifts were reported as the delta scale in ppm
relative to CHCl; (8 = 7.26) for '"H NMR, to CDCl,
(6 = 77.16) for *C NMR, and to H;PO, (& = 0.00) for
3P NMR. High-resolution electrospray-ionization
time-of-flight mass spectrometry (HR-ESI-TOF-MS)
was recorded on a BRUKER micrOTOF model using
positive mode for acetonitrile solutions of samples.
X-ray crystallographic data were collected on a Rigaku
XtaLAB P200 apparatus at -180°C using graphite-
monochromated CuKo radiation (A = 1.54187 A).
The structures were solved by direct method SIR-97 and
refined by SHELXL-97 program [12].
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Silver complex 2

A Schlenk tube containing 2,18-bis(diphenylphosphino)
porphyrin 1 (52 mg, 40 umol) and AgCl (29 mg,
200 wmol) was purged with argon, and then charged
with dry DMF (2.0 mL) and dry toluene (2.0 mL). The
reaction mixture was stirred for 1 h at 100°C. After
removal of the solvents under reduced pressure, the
residue was dissolved in CH,Cl, and then filtrated with
Celite®. Recrystallization from CH,Cl,/methanol gave 2
as red solids (51 mg, 16 wmol, 80%). '"H NMR (CDCl,,
600 MHz, 25°C): 8, ppm 10.07 (s, 2H, meso), 8.70 (d, J =
5.0 Hz, 4H, B), 8.63 (d, J=5.0 Hz, 4H, B), 8.18 (d, Jpy =
4.6 Hz, 4H, B), 7.81 (br-s, 4H, Ar-0), 7.69 (t, J = 1.8 Hz,
2H, Ar-p), 7.62-58 (m, 24H, Ar-p and Ph-0), 7.52 (t, J =
1.8 Hz, 4H, Ar-p), 7.14 (t, J = 7.2 Hz, 8H, Ph-p), 7.08
(t, J = 7.2 Hz, 16H, Ph-m), 1.45 (s, 36H, rBu), 1.30 (s,
72H, Bu). *C NMR (CDCl;, 151 MHz, 25°C): 3, ppm
149.11, 148.89, 143.39, 143.16, 142.41 (Jp = 18.7 Hz),
141.40 (Jp.c = 10.1 Hz), 139.93, 139.80, 139.20, 136.21
(Jpe = 332 Hz), 134.66 (Jp. = 17.4 Hz), 133.01,
132.52, 132.07 (Jpc = 33.2 Hz), 130.36, 128.75, 128.67,
128.25, 121.36, 121.23, 120.74, 120.05, 105.7-105.4
(broad) 35.12, 34.94, 31.80, 31.74. *'P NMR (243 MHz,
CDCl,;, 25°C, 'H-decoupling): 3, ppm -6.54 (two sets
of doublet, J,,... = 586 Hz and J,,., = 677 Hz). HR-ESI-
TOF-MS: m/z 2849.9814 [M-2Ag-3Cl]" (calcd. for
C,H,oNg*Cl, ' Ag,®Ni,P,; 2849.9794). UV-vis (CH,CL,):
A, nm (g, M"'.em™) 430 (390000), 538 (34000). Crystal
data: C,oH,, 530,N,Ag,CL,Ni,P,, M, =3569.74, triclinic,
space group P—1 (No. 2), a=19.362(6) A, b=22.300(6) A,
c = 24.143(7) A, o = 99.486(6)°, B = 107.037(4)°,
¥=97.763(11)°, V = 9643(5) A%, T= 93 K, poyeq = 1.229
gem™>, Z=2, R =0.1125 (I > 26 (I)), R, = 0.3252 (all
data), GOF = 1.122.

SUMMARY

We have investigated the coordination behavior of
porphyrin-based diphosphine 1 toward silver(I) chloride.
X-ray analysis revealed the tetrameric cubic cluster struc-
ture of Ag,Cl, core bridging two porphyrin units. Variable
temperature *'P NMR study indicated the presence of an
intramolecular ligand exchange process athigh temperature.
Further investigations on the coordination properties of the
diphosphine ligand are currently underway.
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ABSTRACT: Two porphyrin dyads with the donor-r-acceptor molecular architecture, namely (ZnP)-
[triazine-gly]-(H,PCOOH) and (ZnP)-[triazine-Npip]-(H,PCOOH), which consist of a zinc-metalated
porphyrin unit and a free-base porphyrin unit covalently linked at their peripheries to a central
triazine group, substituted either by a glycine in the former or a N-piperidine group in the latter, have
been synthesized via consecutive amination substitution reactions of cyanuric chloride. The UV-vis
absorption spectra and cyclic-voltammetry measurements of the two dyads, as well as theoretical
calculations based on Density Functional Theory, suggest that they have suitable frontier orbital
energy levels for use as sensitizers in dye-sensitized solar cells. Dye-sensitized solar cells based
on (ZnP)-[triazine-gly]-(H,PCOOH) and (ZnP)-[triazine-Npip]-(H,PCOOH) have been fabricated,
and they were found to exhibit power conversion efficiency values of 5.44 and 4.15%, respectively.
Photovoltaic measurements (J—V curves) and incident photon to current conversion efficiency spectra
of the two solar cells suggest that the higher power conversion efficiency value of the former solar
cell is a result of its enhanced short circuit current, open circuit voltage, and fill factor values, as well
as higher dye loading. This is ascribed to the existence of two carboxylic acid anchoring groups in
(ZnP)-[triazine-gly]-(H,PCOOH), compared to one carboxylic acid group in (ZnP)-[triazine-Npip]-
(H,PCOOH), which leads to a more effective binding onto the TiO, photoanode. Electrochemical
impedance spectra show evidence that the (ZnP)-[triazine-gly]-(H,PCOOH) based solar cell exhibits
a longer electron lifetime and more effective suppression of charge recombination reactions between
the injected electrons and electrolyte.

KEYWORDS: DSSC, porphyrin dyad, triazine, piperidine, glycine.
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facile manufacturing processes [1], they have the
potential to provide an economic alternative over silicon
based solar cells. The sensitizer of a DSSC plays a key
role in absorbing sunlight and injecting electrons into
the semi-conductor photoanode. Initial research work
was devoted on sensitizers based on Ru(Il) complexes
and resulted in power conversion efficiency (PCE)
values higher than 11% [2]. However, due to low molar
absorption coefficients, instability, high cost, and environ-
mental concerns, their wide application was limited,
encouraging research for new types, noble metal-free
molecular sensitizers [3]. An ideal molecular sensitizer
for DSSC is required to exhibit high molar absorption
coefficients with a broad spectral coverage up to the near
infrared region of solar spectrum, as well as chemical
and photochemical stability [4].

Inspired by the natural process of photosynthesis, in
which the photosynthetic cores of bacteria and plants
capture solar energy by using chromophores which are
based on porphyrin structures [5] and, through complex
biological redox processes, convert it into chemical
energy. Additionally, due to the strong absorption of
porphyrins (with Soret and Q-bands in the visible
region of the solar spectrum), a large number of these
compounds has been employed as sensitizers for DSSCs
[6]. Interestingly, the energy levels and, hence, the spectral
properties of porphyrins can be tuned by appropriate
functionalization of their meso and B-positions. Moreover,
the absorption spectra of porphyrins can be red shifted
and broadened by elongation of the m-conjugated ring,
as well as by enhancement of the push—pull character of
porphyrins [7]. Diau, Yeh and coworkers introduced the
idea of porphyrin sensitizers with the D-w-A or “push—
pull” molecular architecture, featuring a zinc-porphyrin
as 7 aromatic bridge, as well as donor (D) and acceptor
(A) moieties at the meso positions [8]. By utilizing
porphyrin sensitizers of this type, in combination with
an electrolyte containing the redox couple I7/1;, Bessho
and coworkers reported a DSSC with a PCE value of
11% [9]. Employment of a “push—pull” zinc porphyrin
sensitizer with long alkoxy chains as side substituents,
in combination with an organic dye as co-sensitizer and
a [Co(bipy);]*" based electrolyte, Yella et al. reported
a remarkable PCE of 12.3% [10]. More recently a new
benchmark in DSSCs with overall PCE of 13% was
achieved by using a similar D-m-A porphyrin with
appropriate D and A substitutents [11]. However, the
synthesis of this type of porphyrins requires several
synthetic steps, including the use of expensive reagents for
catalytic reactions, such as Sonogashira and Buchwald—
Hartwig cross-coupling reactions, which makes their
commercial applications infeasible.

Another way to further improve the PCE values of
porphyrin based DSSCs is to extend the light harvesting
ability of porphyrin sensitizers to the near infrared
region. This can be accomplished by covalently linking
porphyrin macrocycles to other chromophores or other

Copyright © 2015 World Scientific Publishing Company

porphyrin units, either through m-conjugated groups
or directly. Porphyrin arrays held together by ethynyl
groups at the meso positions have been found to exhibit
strong electronic coupling between the porphyrin
units, resulting in the splitting of their Soret bands and
broadening of the Q-bands [12]. Additionally, directly
linked porphyrin dyads through their meso positions
are found to exhibit slightly higher light harvesting
efficiencies than the corresponding single porphyrin
units [13], while doubly and triply fused porphyrin
arrays show wide absorption covering the visible and
near IR regions [14].

A conjugated group recently employed as linker for
the synthesis of metal free organic dyes for DSSCs
and other photoconductive materials applications is
1,3,5-triazine [15]. For example, triazine-bridged
porphyrin triads have been recently reported and used
as electron donors, together with fullerene derivatives
as electron acceptors, in bulk heterojunction (BHJ) solar
cells by Luechai et al. [16] and our group [17]. In the
area of DSSCs, You et al. reported a DSSC sensitized by
triazine bridged D-7mt- A metal free organic dye exhibiting
a PCE value of 3.63% [18]. Furthermore, we recently
reported sensitization of DSSCs by triazine-bridged
porphyrin dyads bearing different anchoring units at
various positions achieving PCE values in the range of
3.5t05.28% [19, 20].

Herein, we present the synthesis of two new triazine-
bridged porphyrin dyads with the D-m-A molecular
architecture, namely (ZnP)-[triazine-gly]-(H,PCOOH)
or P-tg-P’ (4a) and (ZnP)-[triazine-Npip]-(H,PCOOH)
or P-tNp-P” (4b) (Scheme 1). Both compounds were
used as sensitizers in DSSCs, resulting in PCE values
of 5.44 and 4.15%, respectively. The higher value of
PCE of the former solar cell is ascribed to a higher dye
loading, longer electron life time and reduced charge
recombination, which are related to the more effective
binding of dyad P-tg-P” onto the TiO, surface, due to
the presence of two carboxylic acid anchoring groups
in its molecular structure, compared to one carboxylic
acid anchoring unit and a piperdine binding site of the
P-tNp-P’ dyad.

EXPERIMENTAL

General methods, materials, and techniques

All manipulations were carried out using standard
Schlenk techniques under nitrogen atmosphere. 2,4,6-
Trichloro-1,3,5-triazine (cyanuric chloride), diisopropyl-
ethylamine (DIPEA), glycine methyl ester hydrochloride,
KOH and other chemicals and solvents were purchased
from usual commercial sources and used as received,
unless otherwise stated. Tetrahydrofuran (THF) was freshly
distilled from Na/benzophenone. 5-(4-Aminophenyl)-
10,15,20-triphenyl-porphyrin zinc (Zn[TPPNH,]) and
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Scheme 1. The porphyrin dyads

5-(4-carbomethoxyphenyl)-15-(4-aminophenyl)-10,20-
bis(2,4,6-trimethylphenyl)-porphyrin (H,[Porphl]) were
prepared according to literature procedures [20, 21].

Synthesis

Synthesis of dyad (ZnP)-[triazine-gly]-(H,PCOOH)
or P-tg-P’ (4a). To a THF solution (1 mL) of cyanuric
chloride (0.0096 g, 0.052 mmol) and DIPEA (11 pL,
0.062 mmol) a THF solution (1 mL) of porphyrin
H,[Porph] (0.040 g, 0.052 mmol) was added, under
Ar at 0°C. The mixture was stirred at 0°C for 15 min,
and upon reaction completion (monitored by TLC),
it was left to warm at room temperature. Next, a THF
solution (2 mL) of Zn[TPPNH,] (0.072 g, 0.104 mmol)
and DIPEA (22 uL, 0.124 mmol) was added and the
mixture was stirred at room temperature overnight. An
excess of glycine methylester (0.065 g, 0.52 mmol)
and DIPEA (180 pL, 1.04 mmol) were added and the
mixture was stirred at 65°C for 24 h. The volatiles
were removed under reduced pressure and after

Copyright © 2015 World Scientific Publishing Company

dilution in CH,Cl,; the residue was purified by column
chromatography (silica gel, CH,Cl,/ethanol 5%). The
product 3a was isolated as a purple solid. Yield 0.052 g
(61.5%). '"H NMR (300 MHz, CDCl,): 6, ppm 9.04 (s
br, 2H), 8.93 (s br, 8H), 8.71 (m, 6H), 8.39 (m, 2H),
8.30 (m, 2H), 8.19 (s br, 9H), 8.00 (d, J = 8.1 Hz, 4H),
793 (d, J = 1.5 Hz, 1H), 7.72 (m, 9H), 7.52 (m, 1H),
7.20 (m, SH), 4.08 (s, 3H), 3.75 (s, 3H), 2.58 (s, 6H),
1.78 (s, 12H), -2.62 (s, 2H). HRMS (MALDI-TOF):
m/z caled. for C,,,H,(N,,0,Zn, 1627.5622 [M + HJ":
found 1627.5637. UV-vis (CH,Cl,): A, nm 421, 515, 550,
591, 648. Anal. calcd. for C,;,H,4N,,0,Zn: C, 75.20; H,
4.83; N, 12.04. Found C, 75.43; H, 4.88; N, 12.15.
Ester hydrolysis. To a THF solution (22 mL) of 3a
(0.030 g, 0.018 mmol), 6 mL MeOH, 7.5 mL H,O and
KOH (0.450 g, 0.008 mol) were added. After stirring
the reaction mixture at room temperature overnight, the
organic solvents were removed under reduced pressure
and then a solution of HCI (0.5 M) was added dropwise,
until pH 6. The precipitate was filtered, washed with
water, extracted with CH,Cl, and purified by column
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chromatography (silica gel, CH,Cl,/JEtOH 10%). The
product P-tg-P’ (4a) was isolated as a purple solid.
Yield 0.025 g (89%). '"H NMR (300 MHz, DMSO-d,):
S, ppm 9.80 (s br, 2H), 8.97 (s br, 5H), 8.78 (s br, TH),
8.65 (s br, 4H), 8.42 (s br, 4H), 8.32 (s br, 2H), 8.22
(s br, 8H), 7.83 (s br, TH), 7.32 (s br, 6H), 6.91 (m,
1H), 6.62 (s, 1H), 4.00 (s, 2H), 3.40 (s, 6H), 1.25 (s,
12H), -2.68 (s, 2H). "C NMR (125 MHz, DMSO-d,):
o, ppm 171.8, 168.2, 165.7, 164.5, 149.7, 149.2,
145.7, 142.8, 138.4, 137.7, 134.5, 134.2, 131.5, 130.2,
129.0, 128.7, 127.8, 127.4, 126.6, 120.2, 120.1, 117.7,
62.6, 52.0, 34.0, 29.2, 22.1, 21.1. HRMS (MALDI-
TOF): m/z calcd. for C,,H;sN,,0,Zn: 1599.5309 [M +
H]*, found 1599.5291. UV-vis (DMSO): A, nm (g X
10° M™.em™) 429 (527.7), 517 (14.1), 560 (19.5), 601
(11.8), 647 (4.6). Anal. calced. for C,,,H,,N,,0,Zn:
C, 75.01; H, 4.66; N, 12.25. Found C, 75.14; H, 4.57;
N, 12.42.

Synthesis of dyad (ZnP)-[triazine-Npip]-
(H,PCOOH) or P-tNp-P’ (4b). To a THF solution
(1 mL) of cyanuric chloride (0.0096 g, 0.052 mmol) and
DIPEA (11 pL, 0.062 mmol) a THF solution (1 mL) of
porphyrin H,[Porph] (0.040 g, 0.052 mmol) was added,
under Ar at 0°C. The mixture was stirred at 0°C for
15 min, and upon reaction completion (monitored by
TLC), it was left to warm at room temperature. Next,
a THF solution (2 mL) of Zn[TPPNH,] (0.072 g, 0.104
mmol) and DIPEA (22 uL, 0.124 mmol) was added and
the mixture was stirred at room temperature overnight.
An excess of piperidine (78 ul, 0.52 mmol) and DIPEA
(180 uL, 1.04 mmol) were added and the mixture was
stirred at 65°C for 24 h. The volatiles were removed
under reduced pressure and after dilution in CH,Cl,,
the residue was purified by column chromatography
(silica gel, CH,Cl,/ethanol 2%). The product 3b was
isolated as a purple solid. Yield 0.055 g (65%). '"H NMR
(300 MHz, CDCl,): §, ppm 9.11 (d, J = 4.8 Hz, 2H),
8.97 (t,/=4.8 Hz, 7TH), 8.74 (m, TH), 8.41 (m, 3H), 8.34
(m, 3H), 8.24 (m, 9H), 8.04 (d, J = 8.1 Hz, 4H), 7.76
(m, 8H), 7.30 (s, 4H), 4.08 (s, 3H), 3.94 (s br, 5H), 2.62
(s, 6H), 1.84 (s, 12H), -2.57 (s, 2H). HRMS (MALDI-
TOF): m/z caled. for C,,Hg;N,,0,Zn: 1623.6037 [M +
HJ*, found 1623.6055. UV-vis (CH,CL,): A, nm 421,
515, 551, 590, 648. Anal. calcd. for C,y,Hg,N,,0,Zn:
C, 76.86; H, 5.09; N, 12.07. Found C, 77.05; H, 5.02;
N, 12.16.

Ester hydrolysis. To a THF solution (22 mL) of 3b
(0.030 g, 0.018 mmol), 6 mL MeOH, 7.5 mL H,O and
KOH (0.450 g, 0.008 mol) were added. After stirring
the reaction mixture at room temperature overnight, the
organic solvents were removed under reduced pressure
and then a solution of HCI (0.5 M) was added dropwise,
until pH 6. The precipitate was filtered, washed with
water, extracted with CH,Cl, and purified by column
chromatography (silica gel, CH,CL/EtOH 5%). The
product P-tNp-P” (4b) was isolated as a purple solid.
Yield 0.025 g (86%). 'H NMR (300 MHz, THF-dy): 6,
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ppm 8.98 (d, J = 4.5 Hz, 2H), 8.94 (d, J = 4.2 Hz, 2H),
8.83 (s br, 6H), 8.76 (s br, 2H), 8.66 (s br, 4H), 8.43
(d J = 8.1 Hz, 2H), 8.29 (m, 6H), 8.16 (m, 7TH), 7.72
(m, 6H), 7.30 (m, 6H), 6.92 (s, 5H), 6.59 (s, 1H), 5.88
(s, 2H), 2.59 (s br; 10H), 2.21 (s, 6H), 1.73 (s, 12H), -2.49
(s, 2H). ®C NMR (75 MHz, THF-d,): &, ppm 168.2,
166.4, 151.8, 151.2, 147.7, 146.7, 144.9, 140.3, 139.8,
139.0, 138.5, 136.0, 135.7, 132.8, 132.4, 129.2, 128.9,
128.3, 127.4, 1262, 121.6, 119.2, 118.9, 118.8, 118.4,
31.1, 30.1, 22.0. HRMS (MALDI-TOF): m/z calcd. for
C,,:Hy,N,,0,Zn 1609.5880 [M + HJ*, found 1609.5910.
UV-vis (THF): A, nm (€ x 10° M".cm™) 424 (514.6), 515
(16.2), 555 (18.8), 596 (9.3), 649 (3.8). Anal. calcd. for
C,,:HyN,,0,Zn: C, 76.78; H, 5.00; N, 12.17. Found C,
76.69; H, 4.86; N, 12.34.

NMR spectra

"H NMR spectra were recorded on a Bruker DPX-300
MHz and "*C NMR spectra on both Bruker DPX-75 MHz
and Bruker AMX-125 MHz spectrometers, as solutions
in deuterated solvents by using the solvent peak as the
internal standard.

Mass spectra

High-resolution mass spectra were recorded on a
Bruker UltrafleXtreme MALDI-TOF/TOF spectrometer.

Photophysical measurements

UV-vis absorption spectra were measured on a
Shimadzu UV-1700 spectrophotometer using 10 mm
path-length cuvettes. Emission spectra were measured
on a JASCO FP-6500 fluorescence spectrophotometer
equipped with a red sensitive WRE-343 photomultiplier
tube (wavelength range: 200-850 nm).

Electrochemistry measurements

Cyclic and square wave voltammetry experiments
were carried out at room temperature using an AutoLab
PGSTAT20 potentiostat and appropriate routines
available in the operating software (GPES, version 4.9).
Measurements were carried out in freshly distilled and
deoxygenated THF, with scan rate 100 mV.s!, with
a solute concentration of 1.0 mM in the presence of
tetrabutylammonium hexafluorophosphate (0.1 M) as
supporting electrolyte. A three-electrode cell setup was
used with a platinum working electrode, a saturated
calomel (SCE) reference electrode, and a platinum wire
as counter electrode. The system was calibrated by
ferrocene.

Computational methods

Theoretical calculations were performed within the
framework of density functional theory (DFT). For the
initial gas-phase geometry optimizations, the gradient
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corrected functionals PBE [22] of Perdew, Burke
and Ernzerhof and the triple-{ quality TZVP basis
set [23], were employed for all calculations. Several
rotamers were used as initial geometries. At this stage
the resolution of the identity method [24] was used for
the treatment of the two-electron integrals to increase
the computational efficiency (without loss in accuracy).
The resulting structures were further optimized using
both the hybrid exchange—correlation functional PBEO
[25] (without adjustable parameters), as well as the
hybrid functional B3LYP [26], using the same basis
set. Tight convergence criteria were placed for the SCF
energy (up to 107 Eh) and the one-electron density
(rms of the density matrix up to 10®) as well as for the
norm of the Cartesian gradient (residual forces both
average and maximum smaller than 1.5 X 10~ a.u.) and
residual displacements (both average and maximum
smaller than 6 X 107 a.u.). The optical band gaps of the
porphyrin dyads were calculated by TD-DFT excited
state calculations, using the same functionals and basis
set on the corresponding ground state structures. The
corresponding UV-vis spectra were calculated using
the B3LYP functional. The first round of geometry
optimizations was performed using the Turbomole
package [27], while for the following calculations the
Gaussian package was employed [28].

Preparation of TiO, electrodes and DSCCs

DSSCs were fabricated with electrodes based on
fluorine-doped tin oxide (FTO)-coated glass substrates,
which were pre-cleaned with deionized water, acetone,
and ethanol and then dried in air. The working electrodes
were prepared by firstly forming a blocking layer from
0.2 M di-isopropoxy titanium bis (acetylacetonate) in
isopropanol by spray pyrolysis. This was then followed
by the deposition of a nano-crystalline layer of TiO,
with the doctor blade technique using dye sol TiO,
paste (DSL 18NR-T) on a pre-cleaned FTO coated glass
substrate. The TiO, coated FTO electrodes were heated
at 500°C for 30 min. The TiO, electrodes were then
dipped in 0.02 M aqueous TiCl, for 20 min, rinsed with
water and ethanol and annealed at 500 °C for 20 min.
The thickness of the TiO, electrode was measured using
a thin film thickness measurement system (Nano calc
XR Ocean Optics Germany) and found to be in the range
of 10-12 pum. Finally, it was immersed in a porphyrin
solution (200 uM in THF) for 12 h to give the porphyrin-
sensitized TiO, working electrode. The platinum wire
counter electrode was prepared by spin-coating drops
of a H,PtCl, solution onto a FTO-coated glass substrate
and heating at 350°C for 15 min. The DSSCs were
assembled by separating the working electrode from
the counter electrode by a 20 wm thick Surlyn hot-melt
gasket. In the space between the working and counter
electrodes, the electrolyte (consisting of 0.05 M 1,, 0.5 M
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Lil, 0.6 M dimethylpropyl-benzimidiazole iodide, 0.5 M
4-tert-butylpyridine in an acetonitrile solution) was
introduced through a hole and sealed with Surlyn.

Photovoltaic measurements

The current-voltage (J-V) characteristics of the
DSSCs under illumination were measured by a Keithley
source meter and a solar simulator coupled with a
150 W xenon lamp and an AM optical filter to give an
illumination intensity of 100 mW cm? at the DSSC
surface. The electrochemical impedance spectra (EIS)
in the dark were recorded by using an electrochemical
workstation (Auto lab PGSTAT) with a frequency
response analyzer. The frequency range was from
10 mHz to 100 KHz, and an AC potential of 10 mV
was used. A dc bias equivalent to the open-circuit
voltage of the DSSC was applied. The impedance
data were analyzed using Z-View software with an
appropriate equivalent circuit. The incident photon to
current conversion efficiency (IPCE) was measured as
a function of wavelength with a xenon lamp, mono-
chromator, and Keithley source meter at 10 mW.cm™.
The intensity calibration for the IPCE measurement was
performed by using a standard silicon photodiode.

RESULTS AND DISCUSSION

Synthesis and characterization

As shown in Scheme 1, porphyrin dyads (ZnP)-
[triazine-gly]-(H,PCOOH) (4a) and (ZnP)-[triazine-
Npip]-(H,PCOOH) (4b), abbreviated as P-tg-P* and
P-tNp-P’, respectively, consist of a meso aryl-substituted
zinc-metallated porphyrin unit P (namely 5-(4-amino-
phenyl)-10,15,20-triphenylporphyrin zinc) and a free-
base porphyrin unit P’ (namely 5-(4-carboxyphenyl)-
15-(4-aminophenyl)-10,20-bis(2,4,6-trimethylphenyl)
porphyrin) which are connected, through aryl-amino
groups at their peripheries, by a central 1,3,5-triazine
moiety (t). In the former, the triazine ring is further
functionalized by a glycine group, while in the latter by
an N-piperidine group. Both porphyrin dyads contain
potential anchoring groups for attachment onto the TiO,
surface of DSSC electrodes: the former two carboxylic
acid groups, while the latter one carboxylic acid and one
N-substituted piperidine group.

The syntheses of two dyads, shown in Scheme 2,
was accomplished via stepwise amination reactions of
cyanuric chloride, which is the precursor of the bridging
1,3,5-triazine group of both dyads. The potential of
cyanuric chloride to provide access to a variety of
triazine-bridged assemblies, such as macrocycles [29],
dendrimers [30], and multiporphyrin arrays [31], has
been demonstrated in the past. Furthermore, we recently
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Scheme 2. Syntheses of porphyrin dyads P-tg-P” and P-tNp-P’

reported symmetrical and unsymmetrical triazine-
bridged porphyrin dyads and triads [19, 20].

The initial step for the syntheses of both dyads involves
the reaction of cyanuric chloride with H,[Porph] in the
presence of the base DIPEA at 0°C in THF (Scheme 2).
The reaction was monitored by TLC indicating the
disappearance of the reactants and the formation of the
mono-porphyrin-triazine adduct 1. The latter was not
isolated but further reacted at room temperature with
Zn[TPP-NH,] affording the di-porphyrin-triazine adduct
2. The third chlorine atom of cyanuric chloride was
substituted by a glycine-methyl ester moiety in a one-pot
reaction at 65°C resulting in the di-porphyrin-triazine-
glycine methyl ester adduct 3a, as confirmed by 'H
NMR spectroscopy and MALDI-TOF spectrometry. In
the "H NMR spectrum of 3a, the signals of the aromatic
H’s ortho to the amino groups of Zn[TPP-NH,], after
attachment to the triazine ring, are downfield displaced
compared to those of free Zn[TPP-NH,]. Basic hydrolysis
of the methyl ester groups of 3a resulted in the formation
of porphyrin dyad P-tg-P” (4a), in almost quantitative

Copyright © 2015 World Scientific Publishing Company

yield, as indicated by '"H NMR spectroscopy, MALDI-
TOF spectrometry, UV-vis absorption spectroscopy, and
elemental analysis. In the '"H NMR spectrum of 4a, with
respect to that of 3a, it should be noted the absence of the
signal attributed to the methyl-ester H’s after hydrolysis
reaction.

Porphyrin dyad P-tNp-P’ (4b) was synthesized in a
similar manner, following the above mentioned sequence
of reactions. Piperidine group was introduced in a
substitution reaction of the third chlorine atom of
cyanuric chloride yielding the di-porphyrin-triazine-
piperidine adduct 3b. Hydrolysis reaction resulted in
the formation of the desired porphyrin dyad 4b. 'H and
BC NMR spectroscopy, MALDI-TOF spectrometry,
UV-vis absorption spectroscopy, and elemental analysis
confirmed the identity and purity of the product.

Photophysical studies

The UV-vis absorption spectra of dyads P-tg-P” and
P-tNp-P’ in THF solutions are shown in Figs 1a and 1b,
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Fig. 1. Normalized UV-vis absorption spectra of dyads (a) P-tg-P” and (b) P-tNp-P” in THF solutions (black color lines) and after

adsorbed onto TiO, films (red color lines)

respectively (black color). The absorption spectra of both
dyads exhibit the typical porphyrin absorption bands,
with an intense Soret band in the 400—450 nm range
and four moderate bands in the 500—700 nm with no
additional features. This indicates that in ground states
of the dyads there is no significant electronic interaction
between the two porphyrin units attached to the triazine
ring. The absorption spectra of P-tg-P’ and P-tNp-P’
adsorbed onto TiO, film (Figs 1a and 1b, red color) show
the usual porphyrin Soret and Q-bands. In general, when
porphyrins are adsorbed onto the TiO, surface, they form
either H- or J-aggregates. The broader and red shifted
bands of both porphyrin dyads may be attributed to
intermolecular interactions that result in the formation
of J-type aggregates [32]. As can be seen from Fig. 1b,
the red shift and broadening are more pronounced for
dyad P-tg-P’, suggesting a stronger electronic coupling,

Copyright © 2015 World Scientific Publishing Company

which may be due to the presence of two carboxylic
acid anchoring units in its molecular structure [33].
Furthermore, it is an indication of an enhanced light
harvesting ability of P-tg-P” compared to P-tNp-P’. The
optical band gaps Eg™ of porphyrin dyads P-tg-P” and
P-tNp-P’ were estimated using the expression;

E™ = 1240/A e (1)

where A, is the absorption onset edge, and they were
found to be 1.84 and 1.86 eV, respectively (Table 1).

In Fig. 2 the steady-state fluorescence spectra of the
two dyads P-tg-P” and P-tNp-P” in THF solutions are
shown. Exciting the porphyrin dyads at the Soret band
(424 nm) results in photoluminescence with three peaks
of unequal intensities: 612, 656 and 718 nm for the
former (black color line), and 608, 655 and 717 nm for
the latter (red color line), respectively. Since both dyads
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Table 1. Photophysical data, and calculated optical band gaps Eg™ for dyads P-tg-P” and P-tNp-P’
Compound Absorption A,,,,, nm Absorption A, nm on Emission A,,,,, nm EP®, eV
(e x 10° M'.cm™) in solution® TiO, film in solution®
P-tg-P’ 424 (5.277), 517 (0.141), 560 (0.195), 430, 522, 564, 604, 654 612, 656,717 1.84
601 (0.118), 647 (0.046)
P-tNp-P’ 424 (5.146), 515 (0.162), 555 (0.188), 430, 522, 560, 600, 648 608, 655,718 1.88

596 (0.093), 649 (0.038)

“Measured in THF at 298 K. " Calculated by onset absorption edge A, of the Q-bands and the expression. Eg = 1240/A,,..

Fig. 2. Isoabsorbing fluorescence spectra of dyads P-tg-P” (black color line) and P-tNp-P” (black color line) in THF solutions

contain free-base and zinc-metalated porphyrin units,
their fluorescence spectra result from the superposition
of the fluorescence spectra of these two moieties.

Electrochemical studies

The electrochemical behavior of P-tg-P” and P-tNp-P’
porphyrin dyads was investigated with cyclic and
square-wave voltammetry measurements [34]. The
corresponding cyclic and square-wave voltammograms
are presented in Fig. 3 and Fig. S19, respectively, while
the relevant electrochemical data are listed in Table 2.
The first oxidation for both dyads is a reversible process
occurring at E!. = +1.07 V vs. NHE, while the first
reductions are reversible processes observed at El =
-0.86 and E,; = -0.85 V vs. NHE for P-tg-P” and P-tNp-P’,
respectively. In general, both dyads exhibit the typical
electrochemical processes of assemblies consisted of
aryl-substituted Zn-metalated and free-base porphyrin
units.

An efficient sensitizer should have HOMO and LUMO
energy levels which are compatible with the redox
potential of electrolyte and conduction band (CB) edge
of TiO,, respectively, so that efficient electron injection

Copyright © 2015 World Scientific Publishing Company

Fig. 3. Cyclic voltamograms of dyads P-tg-P” and P-tNp-P’ in
DMSO vs. NHE. The ferrocene/ferrocenium (Fc/Fc™) redox
couple wave is observed at 0.69 V
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Table 2. Electrochemical data, and calculated band gaps E¢** for dyads P-tg-P” and P-tNp-P’

Compound E,.V EX,V E..,V E.,V ELV EL,V B eV
P-tg-P’ 1.07 1.36 -0.86 -1.10 -1.28 -1.50 1.93
P-tNp-P’ 1.07 1.32 -0.85 -1.08 -1.32 -1.49 1.92
e injection
20 L
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E -1.0 gJEEp  regeneration
% CEIw g
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Scheme 3. Energy diagram depicting HOMO and LUMO
potentials of the dyads

and regeneration processes are enabled. For efficient
electron injection from the photoexcited sensitizer into
the TiO, CB, the LUMO energy level of the sensitizer
should be higher than the TiO, CB edge (-0.5 V vs.
NHE). In addition, for efficient electron regeneration of
the sensitizer radial cation (after photoinduced electron
injection), the HOMO energy level of the sensitizer should
be lower than the potential of the electrolyte redox I'/1;
couple (+0.4 V vs. NHE). As mentioned above, the first
oxidation potential for both dyads is +1.07 V vs. NHE,
while the first reduction potentials are -0.86 and -0.85 V
vs. NHE for P-tg-P” and P-tNp-P’, respectively, which
means that there is sufficient driving force for efficient
electron injection and dye regeneration processes for the
P-tg-P” and P-tNp-P’ sensitized solar cells. This is also
depicted schematically in the energy diagram shown in
Scheme 3 [35].

Based on the above mentioned electrochemical data,
the HOMO-LUMO band gaps E* of P-tg-P’ and
P-tNp-P” were found to be 1.93 and 1.92 eV, respectively
(Table 2). The fact that these are larger than the
corresponding optical band gaps E{™ calculated from the
photophysical measurements (Table 1) can be attributed
to solvent effects [36].

Theoretical calculations

In order to gain an insight into the molecular
geometries and electronic structures of P-tg-P’ (4a) and
P-tNp-P’ (4b) porphyrin dyads, theoretical studies were
performed within the framework of DFT [37]. Geometry
optimizations were carried out in the gas-phase using the
PBE, PBEO, and B3LYP functionals. The structures of the
two compounds optimized using the B3LYP functional

Copyright © 2015 World Scientific Publishing Company

Fig. 4. Optimized structure of porphyrin dyads (a) P-tg-P” and
(b) P-tNp-P’. Carbon, nitrogen, hydrogen, oxygen and zinc
atoms correspond to grey, blue, white, red and green spheres,
respectively

are shown in Fig. 4, while their optimized coordinates
are provided in Table S1 in Supporting information. The
dyads exhibit “butterfly like” structures with the triazine
moiety being nearly co-planar with the bridging, amino-
substituted phenyl groups of the two porphyrin units P
and P’. The non-planar orientation of the two porphyrin
units, which results in breaking of conjugation by the
twisted bridging phenyl rings, together with the relatively
large interporphyrin distance, do not favor the electronic
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Table 3. DFT calculated properties of dyads P-tg-P” and P-tNp-P”: HOMO and LUMO energies, HOMO-LUMO gaps, optical gaps
(Eg““), oscillator strengths (f), orbital contribution assignments, and dipole moments (L)

HOMO, eV LUMO, eV HL, eV Eg*‘“, eV f Assignment w, D
P-tg-P’
PBE -4.78 -3.09 1.69 1.67 5.00x10* H—L99.3% 4.09
PBEO -5.43 -2.51 2.92 2.20 3.35x 102  H-1-L 33.0%; H-1-L+1 32.1%; 3.82
H-3—L 17.5%; H-3—L+1 16.4%
B3LYP -5.28 -2.60 2.68 2.15 271 x10?  H-1-L 55.8%; H-3—L+1 28.5%; 3.76
H-1-L+1 9.6%; H-3—L 5.2%
P-tNp-P’
PBE -4.71 -3.02 1.69 1.71 9.00x 10*  H-1-L 85.8%; H—L 14.1% 5.15
(1.96) (H—L 40.0%; H—>L+1 23.3%;
H-3—L+1 14.1%; H-3—L 9.5%
H-1-L 6.7%)
PBEO -5.40 -2.47 2.93 2.19 3.57x10% H-1-L 32.2%; H-1-L+1 28.2%; 4.78
H-3—L+1 17.1%; H-3—L 16.5%
B3LYP -5.27 -2.56 2.71 2.15 2.67%x10?  H-1-L 45.8%; H-3—L+1 28.9%; 4.79

H—L 10.9%; H-1-L+1 7.1%

communication between the two m-electronic systems P
and P’, which is consistent with the UV-vis absorption
spectra, and cyclic voltammograms of the two dyads.

For the optimized structures of the two porphyrin
dyads P-tg-P” and P-tNp-P’, the corresponding optical
gaps were calculated employing the PBE, PBEO, and
B3LYP functionals. The results are listed in Table 3,
along with the HOMO and LUMO energies, the
HOMO-LUMO gaps, the optical gaps E¢y¢ and the main
contributions to the first (allowed) excitation. Results are
provided for all three functionals, which can additionally
be used for comparison with the literature. It is has
been shown [38, 39] that the PBEO functional performs
efficiently for calculating excitation energies (average
absolute deviation of 0.14 eV). The hybrid functionals
overestimate only slightly the optical gaps for both
structures by approximately 0.3 eV. The character of the
first allowed excitations only for configurations with a
contribution larger than 4% is also provided in Table 3.
For dyad P-tNp-P’ in the case of the PBE functional we
additionally provide the values (given in parentheses)
that correspond to the first excitation with a significantly
higher larger oscillator strength. Both structures exhibit
a clear multi-configurational character for the first
excitation (for the hybrid functionals). The hybrid
functionals produce contributions from the same —
near frontier — orbitals with some variation on the
percentages. The contributions include transitions
between the HOMO down to HOMO-3 and LUMO up
to LUMO+3. The near HOMOs and near LUMOs are
energetically very near to the HOMO and LUMO with
maximum energy differences about 0.30 eV and 0.15 eV
for the near HOMOs and near LUMOs, respectively.

In Fig. 5 the isosurfaces (isovalue = 0.02) of all of
the MOs that appear in the configuration assignments
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of Table 3, namely from HOMO down to HOMO-3 and
LUMO up to LUMO+3 calculated using the B3LYP
functional, have been plotted. All orbitals are highly
localized on one (or the other) of the porphyrin units.
In the case of P-tg-P’ all of the (main) contributing
transitions to the first excitation are between orbitals
localized on the same porphyrin of the dyad. To quantify
the contributions of the moieties to the frontier orbitals,
the total and partial density of states (PDOS) have been
calculated. The PDOS for the dyads P-tg-P” and P-tNp-P’
are shown in Fig. S1. We denote the porphyrin with the
phenyl groups as porphyrin-1 and the porphyrin with the
2,4,6-methyl phenyl groups, i.e. without the central Zn
atom, as porphyrin-2. We further partition the remaining
atoms of the structure to the 2,6-diamine-1,3,5-triazine
and the glycine or piperidine groups. The triazine
contributions are first noted at lower energies around
-6.2 eV for P-tg-P” and -6.0 eV for P-tNp-P’. The most
noticeable difference is that the glycine moiety first
contributions to states is at -7.0 eV with a percentage
of 7.8% and the piperidine at -6.5 eV with a percentage
of 13.8%. Further contributions of piperidine are noted
only at much lower energies at -9.2 eV and below and
of glycine at -8.3 eV and below. The second virtual state
peaks (located about 0.7 and 0.8 eV for P-tg-P’ and
P-tNp-P’, respectively, higher than the corresponding
LUMO peak) for both dyads are well separated from
other energetically either higher or lower states and are
dominated by contributions from porphyrin-2.

The UV-vis absorption spectra of the two dyads P-tg-P’
and P-tNp-P’” have also been calculated at the TD-DFT/
B3LYP level (Fig. S2). The spectra have been produced by
convoluting Gaussian functions with HWHM = 0.05 eV
centered at the excitation wavenumbers. The UV-vis
spectra of the dyads are overall similar. They exhibit a high
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Fig. 5. Frontier and near-frontier orbitals of porphyrin dyads (a) P-tg-P” and (b) P-tNp-P’
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Fig. 6. (a) Current-voltage (J-V) characteristics, and (b) IPCE spectra of DSSCs based on P-tg-P’ (red color lines) and P-tNp-P’

(black color lines)

intensity band with three peaks at small wavenumbers,
a low intensity band at larger wavenumbers and a very
low intensity band at even larger wavenumbers around
575 nm. The high intensity band’s peaks are centered
at 375 nm (3.31 eV), 389 nm (3.19 eV) and 410 nm
(3.02 eV), and 376 nm (3.30 eV), 401 nm (3.09 eV) and
418 nm (2.97 eV) for structures P-tg-P” and P-tNp-P’
respectively.

Photovoltaic properties
Porphyrin dyads P-tg-P’ (4a) and P-tNp-P’ (4b) were

used as sensitizers for the fabrication of DSSCs. The
current-voltage (J-V) characteristics under illumination

Copyright © 2015 World Scientific Publishing Company

(AM 1.5, 100 mW/cm?) of the two DSSCs are presented
in Fig. 6a while the corresponding photovoltaic para-
meters are summarized in Table 4. The device based on
the P-tg-P” dyad exhibits short circuit photocurrent (J,.),
open circuit voltage (V,.), and fill factor (FF') values of
11.44 mA/cm?, 0.68 V and 0.70, respectively, resulting
in an overall PCE of 5.44%, while the values of the
corresponding photovoltaic parameters of the P-tNp-P’
based solar cell are 9.84 mA/cm?, 0.62 V, and 0.68,
giving a PCE of 4.15%.

A major reason for the higher PCE value of the P-tg-P’
based solar cell is its enhanced J, value. This is reflected
in the IPCE spectral responses of the P-tg-P” and P-tNp-P’
sensitized DSSCs, which, as shown in Fig. 6b, extend up
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Table 4. Photovoltaic parameters of DSSCs sensitized by dyads P-tg-P” and P-tNp-P’

DSSC sensitized by J% mA/cm? V.oV FF* PCE‘, %
P-tg-P’ 11.44 0.68 0.70 5.44
P-tNp-P’ 9.84 0.62 0.68 4.15

2Short circuit current, ® open circuit voltage,  fill factor, ¢ photoconversion efficiency.

to ~680 nm for both solar cells. P-tg-P’-based solar cell
exhibits a stronger and more extended IPCE response than
the latter solar cell, which accounts for its higher J. value.

Furthermore, analysis of the amounts of dye adsorbed
onto the TiO, surface of the photoanodes of the two DSSCs
by desorption method [40], revealed that the dye loading
for the P-tg-P” based TiO, photoanode is higher than that
of the P-tNp-P’ based photoanode. This might be related
to the more effective binding of the former dyad onto
the TiO, surface, due to the presence of two carboxylic
acid anchoring groups on its structure, compared to
one carboxylic acid group and a hindered N-piperidine
binding site in the latter. Therefore, P-tg-P’ is supposed
to exhibit a lower tendency to form m—m stacked dye
aggregates onto the TiO, surface than that of P-tNp-P’,
resulting in an increased electron injection efficiency into
the TiO, CB and an increased overall PCE [41].

In addition, the V,, value of the solar cell based
on dyad P-tg-P” is higher than that of the P-tNp-P’-
based device (0.68 vs. 0.62 V, respectively). In general,
differences in the V,. values of DSSCs originate from
two factors: (a) differences in the TiO, CB edge with
respect to electrolyte potential, and (b) differences in
the charge transfer processes at the electrode/electrolyte
interfaces, i.e. charge recombination reactions of the
injected electrons with the electrolyte, which affect the
corresponding electron lifetimes of the DSSCs. In order
to shed light into these electron transfer processes in
the P-tg-P’ and P-tNp-P’-sensitized solar cells, their
electrochemical impedance spectra (EIS) were recorded
in the dark, using a forward bias of 0.66 V. The Nyquist
plots of EIS of the two DSSCs are presented in Fig. 7. The
semicircles in the high- and middle-frequency regions are
associated with the charge transfer processes at the Pt
counter electrode/electrolyte and the TiO,/dye/electrolyte
interfaces, respectively [42]. The charge recombination
resistance (R, related to the charge recombination rate
between the injected electron and electron acceptor I
of the electrolyte was estimated from the radius of the
middle-frequency semicircle. It was found that the DSSC
sensitized by P-tg-P’ exhibits a significantly larger R, value
(= 39.24 Q) compared to that of P-tNp-P” (= 27.64 Q),
thus implying a slower rate of charge recombination at
the TiO,/electrolyte interface, which leads to a higher
V,. value. Correspondingly, the lower R, value of the
latter solar cell indicates a higher charge loss in the TiO,/
electrolyte interface and consequently a lower value V..
The difference in the V. values of the two DSSCs may
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also be related to their corresponding electron lifetimes
(t.). In Fig. 7, the Bode phase plots of EIS of DSSCs
based on P-tg-P’” and P-tNp-P’ dyads are presented. In
such as plot, the frequency f,,, at the maximum of the
middle frequency region semicircle is associated with
the charge transfer process at the TiO,/dye/electrolyte
interface and it is related to electron lifetime t,;

M ®)
< onf,,

The 1, value for the DSSC sensitized by P-tg-P” was
calculated to be higher (= 27.34 ms) than that for the
P-tNp-P’-sensitized solar cell (= 22.56 ms), which is
consistent with the higher V. value of the former solar
cell. This is consistent with a more effective suppression
of the recombination of the injected electrons with the I;°
in the electrolyte, which leads to an enhancement of both
J and V. values and improvement in the overall PCE
value of the P-tg-P’-sensitized solar cell.

From the abovementioned data, it is obvious
that both dyads P-tg-P” and P-tNp-P’ are effective
sensitizers for DSSCs. The PCE values of the corres-
ponding solar cells are higher than the PCE values
of the solar cells that we recently reported using
similar but symmetrical dyads P-tg-P and P-tNp-P
[19]. This can be related to the fact that in the present
case the sensitizing dyes P-tg-P” and P-tNp-P’ can be
described as D-m-A systems, where D (donor) is a
zinc-metallated porphyrin unit, 7 is the triazine linker,
and A (acceptor) is a free-base porphyrin unit with a
carboxylic acid anchoring group, which result in more
effective electron flow into the TiO, CB.

The different photovoltaic performances of the P-tg-P’-
and P-tNp-P’-based solar cells can be related to the fact
that dyad P-tg-P’ contains two carboxylic acid anchoring
group, while dyad P-tNp-P’ contains only one carboxylic
acid anchoring group and an N-piperidine binding site.
Considering that N-piperidine binding site is hindered
and not as effectively binding site as carboxylic acids, the
attachment of P-tg-P” and P-tNp-P’ onto the TiO, surface
can be depicted by a branched system bound through two
carboxylic acid groups and a linear system bound through
one carboxylic acid group, respectively (Scheme 4).
In the former case, this leads to the formation of a more
compact layer of dye adsorbed onto the TiO, film (as
evidenced by the higher dye loading), and results in a
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Fig. 7. (a) Nyquist plots and (b) Bode phase plots of electrochemical impedance spectra of DSSCs based on dyads P-tg-P’ (red color
lines) and P-tNp-P’ (black color lines), measured with a bias voltage of 0.66 V under dark conditions

Scheme 4. Binding sites that are placed on the dyads

cooperative electron transfer to the TiO, surface and
more efficient electron injection (as evidenced by the
longer electron lifetime and higher charge recombination
resistance).

Copyright © 2015 World Scientific Publishing Company

The different efficiencies of the P-tg-P” and P-tNp-
P’-sensitized solar cells may also be attributed to energy
related factors, i.e. transfer of absorbed solar energy from
the porphyrin units to the TiO, CB. Assuming that each
transfer between the porphyrin units and the triazine
group is associated with a minimum energy requirement
AE, i =1, 2, (Scheme 4), the electron injection into the
TiO, CB would be more energetically demanding for
the solar cell based on P-tNp-P’ (due to the presence of
only one carboxylic acid anchoring group) and would
lead to a lower photovoltaic performance than the P-tg-
P’-based DSSC.

CONCLUSION

In summary, we have designed and synthesized
two porphyrin dyads P-tg-P” and P-tNp-P’ with the
D-m-A molecular architecture, which contain two and
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one carboxylic acid anchoring units, respectively. The
synthesis of the compounds was achieved via temperature
dependent amination reactions of cyanuric chloride.
Photophysical and electrochemical studies suggest that
the dyads have suitable frontier orbital energies in order
to be used as sensitizers in DSSCs. The DSSC sensitized
by P-tg-P” showed a better photovoltaic performance
with an overall PCE of 5.44% compared to the P-tNp-
P’-based solar cell which showed a PCE of 4.15%. The
higher PCE value of the P-tg-P” sensitized solar cell
results from its enhanced photovoltaic parameters, i.e.
short circuit current (/. ), open circuit voltage (V,.), and
fill factor (FF') values, as well as a larger dye loading.
This is attributed to the more effective binding of P-tg-P’
onto the TiO, surface of the photoanode, due to the fact
that it contains two carboxylic acid anchoring groups
(compared to one carboxylic acid anchoring group of
P-tNp-P’), which lead to a longer electron lifetime (t,)
and larger recombination resistance.

Supporting information

Cartesian coordinates, total and partial density of states
of structures, and theoretically calculated UV-vis spectra
of 4a and 4b, '"H NMR and “C NMR spectra of 3a, 4a,
3b, and 4b, square-wave voltammograms of 4a and 4b
are given in the supplementary material. This material is
available free of charge via the Internet at http://www.
worldscinet.com/jpp/jpp.shtml.
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ABSTRACT: Novel phosphorus triazatetrabenzcorrole (TBC) tetrasubstituted at the o~ and B-positions
of the peripheral fused benzene rings with #-butylphenoxy substituents have been prepared and
characterized. The effect of the substituents on the electronic structures and optical properties is
investigated with TD-DFT calculations and MCD spectroscopy. The optical limiting properties have
been investigated to examine whether the lower symmetry that results from the direct pyrrole—pyrrole
bond and hence the permanent dipole moment that is introduced result in higher safety thresholds,
relative to the values that have been reported for phthalocyanines. The suitability of the compounds for

singlet oxygen applications has also been examined.

KEYWORDS: triazatetrabenzcorrole, singlet oxygen, optical limiting, MCD spectroscopy.

INTRODUCTION

Triazatetrabenzcorroles (TBCs) are a relatively recent
addition to the low-symmetry phthalocyanine analog
family [1]. When Pc complexes are prepared in the presence
of a reducing agent, the phthalocyanine ligand can lose an
aza-nitrogen atom to instead form a triazatetrabenzcorrole
(TBC) complex. Due to their smaller cavity size, TBCs
have been shown to preferentially incorporate main group
element ions of high oxidative state such as P(V), Ge(I1V)
and Si(IV) [2, 3]. The formation of Sn(II) and Rh(III)
TBCs [4, 5] has also been reported. The first example of a
phosphorus TBC complex was reported by Gouterman and
coworkers in 1981 [6], but was incorrectly characterized
as a P"Pc complex. Subsequently in 1986, Fujiki
demonstrated that this complex was actually a P"TBC
[7]. The structure and properties of PYTBC were later
elucidated by Liu et al. [8] and Goldberg and coworkers
[9], while those of P"TBCs in cold concentrated H,SO,
have been investigated by Jianbo er al. [10]. The optical
properties of TBCs differ markedly from those of Pcs.
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There is a narrowing and red shift of the B-band to ca.
450 nm and three intense bands are observed in the Q
region between 580-700 nm, which have been used to
monitor the formation of the compound [11]. Since the
Q-band lies at the edge of the optical window for tissue
penetration, TBC complexes are potentially suitable for
use as photosensitizers in photodynamic therapy (PDT).
In the context of PDT research, TBCs can be regarded
as a fourth generation derivative of the porphyrin
family. PYTBC derivatives have been reported to have
moderately high singlet oxygen quantum yields [8, 10].
Oxophosphorus triazatetrabenzcorroles have also been
shown to possess good photodynamic efficiency toward
HeLa cells [12]. To further explore the utility of TBCs
for biomedical applications, we recently reported a study
of the photocytotoxicity of a novel PYTBC complex with
eight peripheral #-butylphenoxy substituents [13], after
a very high singlet oxygen quantum yield value had
been reported by Kobayashi and coworkers [14]. In this
paper, the photophysical and singlet oxygen generation
properties of B-octa- and P-tetrasubstituted isomers are
compared to those of o-tetrasubstituted isomers.

Interest in the PYTBC compounds extends beyond
their possible utility for PDT. The C,, symmetry of TBC
ligand results in a permanent electric dipole, which makes



OPTICAL LIMITING AND SINGLET OXYGEN GENERATION PROPERTIES OF PHOSPHORUS

TBCs possible candidates for third order nonlinear optics
research, since this requires an electric dipole within
the active moiety. Optical limiting (OL) materials have
become the subject of considerable research interest due
to the need to protect human eyes and sensitive optical
devices from high intensity light sources such as lasers
[15-18]. When exposed to very intense light, OL materials
limit the output energy of the emerging beam, due to
their excited triplet state becoming more populated than
their ground state resulting in what is known as reverse
saturable absorption (RSA) when there is strong triplet—
triplet absorption. Although the OL properties of many
organic molecules have been examined, in recent years
an increasing amount of research has been carried out
on phthalocyanines and their derivatives due to the high
absorption cross section ratio of the triplet excited state
relative to the ground state in the 400-600 nm region,
which includes the second harmonic of the Nd:YAG
laser at 532 nm that is often utilized in laser applications
[19-22]. The nonlinear optical (NLO) properties of
MPcs have been modified by substituting different
metal atoms into the ring or altering the peripheral and
axial functionalities [23-26]. The large singlet oxygen
quantum yields that have been reported suggest that the
triplet state quantum yields should also be very high.
Although PYTBC complexes possess the properties that
are normally required to form a good optical limiter,
little work has been done to quantify their suitability for
OL applications [27]. In this paper, the OL properties of
novel - and -B-tetrasubstituted dihydroxyphosphorus(V)
TBCs (Scheme 1) are examined along with those of the
corresponding B-octasubstituted TBC that was studied
previously with the Shen group [13].

EXPERIMENTAL

Materials

Pyridine was purchased from Sigma—Aldrich and dried
using molecular sieves (0.4 nm, rods). Spectroscopic grade
dimethyl sulfoxide (DMSO) and silica gel were purchased
from Merck. Reagent grade chloroform, dichoromethane
and methanol were obtained from Minema. Phosphorus
tribromide, phosphorus oxybromide, Poly(bisphenol A
carbonate) (PBC),averagemolecularweight~28,200 g/mol
were purchased from Sigma—Aldrich. The unmetallated
phthalocyanines (1-3) were synthesized according to
literature methods [28].

Equipment

Electronic absorption spectra were recorded on
a Shimadzu UV-2550 spectrophotometer. Magnetic
circular dichroism (MCD) spectra were measured with a
Chirascan plus spectrodichrometer equipped with a 1 T
(tesla) permanent magnet by using both the parallel
and antiparallel fields. The conventions of Piepho and
Schatz are used to describe the sign of the MCD signal
and the Faraday terms [29]. Fluorescence emission and
excitation spectra were collected on a Varian Eclipse
spectrofluorimeter. The absorbance ranged between 0.04
and 0.05 at the excitation wavelength for all samples.
Infra-red spectra were collected on a Perkin—Elmer
Universal ATR Sampling accessory spectrum 100 FT-IR
spectrometer. Fluorescence lifetimes were measured
with a FluoTime 300 EasyTau spectrometer (PicoQuant
GmbH) using a time correlated single photon counting

Scheme 1. Synthetic pathway for forming the triazatetrabenzcorroles

Copyright © 2015 World Scientific Publishing Company
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(TCSPC) technique. The samples were excited at 670 nm
with a diode laser (LDH-P-670, 20 MHz repetition rate,
44 ps pulse width, PicoQuant GmbH). The detector
employed was a Peltier cooled Photomultiplier (PMA-C
192-M, PicoQuant GmbH). 'H NMR spectra were
obtained using a Bruker AVANCE 600 MHz NMR
spectrometer in DMSO-d,. Elemental analyses were done
using a Vario-Elementar Microcube ELIII, while mass
spectra data were collected in the positive ion mode with
o-cyanocinamic acid as the matrix on a Bruker AutoFLEX
IIT Smart-beam TOF/TOF mass spectrometer. Scanning
electron microscope (SEM) images were recorded using
a TESCAN Vega TS 5136LM microscope.

An ultra sensitive germanium detector (Edinburgh
Instruments, EI-P) combined with a 1000 nm long pass
filter (Omega, RD 1000 CP) and a 1270 nm band-pass
filter (Omega, C1275, BP50) was used to detect the
phosphorescence decay of singlet oxygen at 1270 nm.
Measurements were made in the presence and absence
of sodium azide (NaN;) as a physical quencher for
singlet oxygen. DMSO solutions of 4 and 5 were excited
using a Quanta-Ray Nd:YAG laser providing 400 mJ,
9 ns pulses of laser light at 10 Hz pumping a Lambda-
Physik FL3002 dye (Pyridin 1 dye in methanol). The
same laser setup was used for the determination of
triplet decay kinetics as has been described previously
[30]. All Z-scan experiments described in this study
were performed using a frequency-doubled Quanta-Ray
Nd:YAG laser as the excitation source. The laser was
operated in a near Gaussian transverse mode at 532 nm
(second harmonic), with a pulse repetition rate of 10 Hz
and energy range of 0.1 pJ-0.1 mJ, limited by the energy
detectors (Coherent J5-09). The low repetition rate of
the laser prevents cumulative thermal nonlinearities. The
beam was spatially filtered to remove higher order modes
and tightly focused with a 15 cm focal length lens. No
damage was detected between runs when the sample was
moved or replaced.

General procedure for synthesis of phosphorus(V)
triazatetrabenzcorroles

A solution of 0.2 mL PBr; in 2 mL pyridine was
added to a suspension of free base phthalocyanine (1, 2)
(57.5 mg, 0.052 mmol) in 15 mL pyridine. This was
refluxed at 90 °C for 1.5 h under an inert atmosphere. The
product was cooled to about 20°C and was poured into
water and then filtered. The precipitate was washed with
3 x 30 mL methanol and then purified further on a silica
column, with the product of interest coming out following
elution with a 7:3 chloroform/MeOH solvent system.

Dihydroxyphosphorus(V) (2, 9(or 10), 16(or 17),
23(or 24)-t-butylphenoxy)triazatetrabenzcorrole (4).
A dark green product was obtained. Yield 40.3 mg (68%).
Anal. caled. for C,,HN,OP-12H,0: C, 62.91; H,
6.75; N, 7.13. Found C, 62.25; H, 5.89; N, 7.33. UV-vis
(DMSO): A, nm (log €) 664 (4.82), 632 (4.55), 602

‘max>
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(4.31), 448 (5.09), 419 (4.63). IR: v,,,,, cm’! 3306 (O-H),
3071 (aromatic C-H), 2957, 2924 (aromatic C-H), 1596,
1504 (C-C); 1274, 1239, 1171, 1106 (C-O-C), 1359,
1014 (C-N), 958, 876, 825, 747, 680 (TBC skeletal). 'H
NMR (CDCl,): 8, ppm 7.36-7.48 (12H, m, Pc-H), 6.83—
7.19 (16H, m, Phenyl-H), 2.21 (2H, s, O-H), 1.22—-1.40
(36H, m, methyl-H). MS (MALDI-TOF): m/z (calcd. for
[M + HJ* 1140.3; found 1141.8).

Dihydroxyphosphorus(V) (1, 8(or 11), 15(or 18),
22(or 25)-t-butylphenoxy)triazatetrabenzcorrole (5).
The final product was dark green. Yield 27.8 mg (47%).
Anal. caled. for C,,H,N,O(P-4H,0: C, 69.27; H, 6.30;
N, 7.85. Found C, 69.75; H, 6.15; N, 7.30. UV-vis
(DMSO): A, nm (log €) 676 (4.98), 632 (4.55), 602
(4.31), 448 (5.09), 419 (4.68). IR: v,,,,, cm™* 1610, 1574,
1506, 1483 (aromatic C—C stretch), 1249, 1214, 1174,
1129 (C-0-C), (C-0), 1342 (C-N), 1054 (C-H bend),
3027 (aromatic C—H), 2958 (alkyl C—H), 886, 826, 746,
723, 682 (TBC skeletal). 'H NMR (CDCl,): 8, ppm
7.38-7.54 (16H, m, Phenyl-H), 6.72-7.12 (12H, m,
Pc-H), 2.1 (2H, s, OH) 0.81-1.49 (36H, m, methyl-H).
MS (MALDI-TOF): m/z (calcd. for [M — 3H]* 1140.3;
found 1137.6).

Preparation of thin films of 4 and 5

Solutions of o- and PB-tetrasubstituted TBCs with
Q-band absorbances of 1.5 were prepared in dichloro-
methane. 0.5 g of PBC was added to 5 mL of these
solutions. The film was prepared by placing 1 mL of the
PBC/TBC solution in a small glass petri dish (diameter =
5 cm), and placing it under vacuum (~107 Torr) until the
solvent was completely removed.

Theoretical calculations

Geometry optimization and TD-DFT calculations
were carried out using the B3LYP functional of the
Gaussian09 software packages [31] with 6-31G(d) basis
sets. The B3LYP optimized geometries were then used
to carry out TD-DFT calculations using the Coulomb-
attenuated B3LYP (CAM-B3LYP) functional with
6-31G(d) basis sets. The CAM-B3LYP functional was
used to calculate the electronic absorption properties
based on the time-dependent (TD-DFT) method, since
it includes a long-range correction of the exchange
potential, which incorporates an increasing fraction
of Hartree—Fock (HF) exchange as the interelectronic
separation increases. This has been demonstrated to make
it more suitable for studying porphyrinoid compounds
where there is significant charge transfer in the electronic
excited states [32, 33] as is likely to be the case with TBC
complexes.

Nonlinear optical parameters

Z-scan experiments were performed according to the
method described by Sheik—Bahae [34-36]. Assuming
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a Gaussian-shaped spatial and temporal pulse, and
using the open aperture Z-scan theory for multi-photon
absorption (nPA) that was reported by Sutherland ef al.
[37], the general expression for open aperture normalized
transmittance can be written as:

1
T =
o4@ra) T B2Leff([00 1(A+(z/z, )2 )

ey

where I, is the on-focus intensity (peak input intensity),
B, is the two photon absorption coefficient, L, z and z,
are the effective pathlength in the sample, the translation
distance of the sample relative to the focus and the Rayleigh
length respectively. The Rayleigh length is defined as
nwi/ A where A is the wavelength of the laser and w is the
beam waist at the focus, (z = 0). L.y is given by:

L = (2)

eff

o

where o is the linear absorption coefficient.
The imaginary component of the third order
susceptibility (Im[y®]) is given by [38]:
I [x¥]=n’e,cAB, 21 (3)
where n and ¢ are the linear refractive index and the speed
of light respectively, €, is the permittivity of free space, A
and 3, terms are as described above.

Second order hyperpolarizability (y) of the material
was determined using [38]:

_ Im[x®]
- f'C_N

mol” " 4

C))

where N, is the Avogadro constant, C,, is the con-
centration of the active species in the triplet state per
mole and f is the Lorentz local field factor given as, f =
(n* +2)/3.

RESULTS AND DISCUSSION

Synthesis and characterization

Scheme 1 shows the synthetic pathway for com-
pounds 4-6 using starting materials 1-3. The full
characterization of 6 has been reported previously [13].
Although only one isomer is possible for 6, mixtures
of positional isomers are likely to be formed for tetra-
substituted complexes 4 and 5. Kobayashi’s use of
o~ and B-terminology [1] to refer to substitution at the
non-peripheral and peripheral positions of the benzo
rings, respectively, is used throughout. No attempt has
been made to further separate the positional isomers
by column chromatography. As has been reported
previously for phthalocyanines [1], positional isomerism

Copyright © 2015 World Scientific Publishing Company

is not likely to make a significant difference to the optical
spectroscopy in the context of B-substitution, since there
is no scope for steric hindrance between neighboring
substituents and there are small MO coefficients on the
peripheral carbons of the benzo rings on the frontier
n-MOs, but is likely to have a larger effect in the context
of o-substitution (Fig. 1). The novel PYTBC compounds
were analyzed using elemental analysis, NMR, magnetic
circular dichroism and -IR spectroscopy and MALDI-
TOF mass spectrometry. All theoretical predictions
were made assuming that only one hydroxyl group was
axially coordinated to the phosphorus central atom, as
was recently reported for 6 based on the analysis of *'P
NMR spectral data [13] in the manner that had earlier
been carried out for other PYTBCs by Goldberg and
coworkers [9].

Optical spectroscopy and TD-DFT calculations

Electronic absorption spectroscopy is one of the most
useful methods for characterizing Pcs and its analogs,
due to the presence of the intense Q and B-bands of
Gouterman’s 4-orbital model [39] in the 600-750 and
300400 nm regions, respectively. Magnetic circular
dichroism (MCD) spectroscopy can be used to identify the
main electronic Q(0,0) and B(0,0) bands of porphyrinoids,
due to the presence of intense Faraday 4, terms or coupled
pairs of oppositely-signed Faraday @, terms [1, 40]. A
C,(HE cyclic polyene corresponding to the inner ligand
perimeter can be regarded as being the parent perimeter
for describing and rationalizing the optical properties.
The m-system contains a series of MOs arranged in
ascending energy with M; =0, 1, +2, +3, +4, +5 16, 17
and 8 nodal properties based on the magnetic quantum
number for the cyclic perimeter, M; . The frontier T-MOs
have M, = *4 and 5 nodal properties, respectively. The
four spin-allowed M; = +4 — 15 excitations give rise
to two orbitally degenerate 'E, excited states, on the
basis of the AM,; = 19, and AM, = %1 transitions. This
results in the forbidden and allowed Q and B-bands of
Gouterman’s 4-orbital model for porphyrins [39], since
an incident photon can provide only one quantum of
orbital angular momentum. Michl [41] introduced an a,
s, -a and -s terminology (Fig. 2) for the four MOs derived
from the HOMO and LUMO of the parent perimeter so
that mt-systems of porphyrinoids with differing molecular
symmetry such as Pcs and TBCs and relative orderings
of the four frontier T-MOs in energy terms can be readily
compared. One MO derived from the HOMO of a C,H;
parent hydrocarbon perimeter and another derived from
the LUMO have nodal planes which coincide with the
yz-plane and are referred to, respectively, as the a and -a
MOs, while the corresponding MOs with antinodes on
the yz-plane are referred to as the s and -s MOs (Fig. 2).
Since the a and s MOs have angular nodal planes on
alternating sets of atoms, the incorporation of the
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Fig. 1. Structures of the nine positional isomers of the o-tetrasubstituted TBC (5) with the calculated values for the more intense

Q and B-band components

aza-nitrogen atoms have a much larger stabilizing effect
on the energy of the s MO resulting in a large separation
of the a and s MOs (the AHOMO value in the context
of Michl’s perimeter model [41]) and Q(0,0) bands that
are dominated by the a — -a and a — -s one-electron
transitions (Table 1) rather than having near equal
contributions from the s — -a and s — -s one-electron
transitions [42]. This leads to a mixing of the allowed and
forbidden properties of the Q and B-bands.

While the spectra of the 3-octa- and B-tetrasubstituted
compounds 4 and 6 are very similar (Fig. 3), more
significant changes are observed in the spectra of the
o-tetrasubstituted compound 5. The w-systems of free
base ligands of TBC complexes would have at most C,,

Copyright © 2015 World Scientific Publishing Company

symmetry and hence lack four-fold axes of symmetry.
There is a minor lifting of the degeneracy of the -a and
-s MOs (the ALUMO value in the context of Michl’s
perimeter model [39], while the gap between the a and s
MOs is referred to as the AHOMO value) in addition to
the far larger splitting of the a and s MOs caused by the
large MO coefficients on the aza-nitrogens in the context
of the s MO (Fig. 4). This results in two symmetry-
split Q(0,0) bands in the electronic absorption spectra
of 4 (at 666 and 638 nm) and 5 (at 676 and 642 nm)
(Fig. 3), with coupled pairs of Faraday @, terms
replacing the positive Faraday 4, terms that dominate
the MCD of most D,, symmetry metal porphyrin and
phthalocyanine complexes [1, 40, 43]. The Q0,0
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Fig. 2. Nodal patterns of the four frontier n-MOs of zinc tetraazaporphyrin (ZnTAP) with the angular nodal planes highlighted to
describe the M; = *4 and £5 nodal patterns, and the nodal patterns and MO energies for one of the positional isomers of 4 and 5
at an isosurface value of 0.04 a.u. Michl [40] introduced a, s, -a and -s nomenclature to describe the four frontier T—-MOs based on
whether there is a nodal plane (a and -a) or an antinode (s and -s) on the y-axis. Once the alignment of the angular nodal planes has
been clearly defined the effect of different structural perturbations can be readily conceptualized on a qualitative basis through a
consideration of the relative size of the MO coefficients on each atom on the perimeter

bands of 5§ are red-shifted by ca. 10 nm compared to
4, since the substituents at the o-positions result in a
narrowing of the HOMO-LUMO gap, due to the larger
MO coefficients at these positions in the a MO (Fig. 4).
The most intense B-bands of 4 and 5 are markedly
red shifted to 450 and 463 nm relative to the B1/B2
bands of MPc complexes. The Stillman group [44]
used the simultaneous spectral band deconvolution
of the electronic absorption and MCD spectra of
phthalocyanines to identify the presence of a second
intense absorption band close in the B-band region,
so the band nomenclature for phthalocyanines was
modified to, in ascending energy, the Q (ca. 670 nm),

Copyright © 2015 World Scientific Publishing Company

B1 (ca.370nm), B2 (ca. 330 nm), N (ca. 275 nm), L (ca.
245 nm) and C (ca. 210 nm) bands [39, 44b].

As has been reported previously [13, 40], the
alignment of the nodal planes in the frontier t-MOs of the
TBC complex are broadly similar to those of the parent
phthalocyanine. The loss of one of the aza-nitrogens
results in a marked destabilization of s MO but has a
much smaller impact on the a MO (Fig. 5), which has
nodal planes on or near the bridging atoms. The resulting
decrease in the AHOMO value leads to a decrease in the
mixing of the allowed and forbidden properties of the Q
and B-bands (Table 1). The loss of an aza-nitrogen atom
also destabilizes the -a and -s MOs of 4 and 5 to a greater
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spectra of 4 and 5§ are somewhat similar to that
of a porphyrin complex, therefore, since there
is a weakening of the Q(0,0) bands relative to
the B-band and a relatively narrow and well-
resolved B-band is observed beyond 400 nm.
This is more pronounced in the spectrum of 5,
due to the smaller AHOMO value (Figs 2 and 5).
Relatively narrow band widths are observed in
the Q-band regions of the optical spectra of 4
and 5, while a range of ca. 20 nm is predicted for
the Q(0,0) bands of the nine possible positional
isomers of 5 (Fig. 1) in TD-DFT calculations
with the CAM-B3LYP functional for B3LYP
optimized geometries. It seems probable
therefore that the more sterically hindered
isomers o-tetrasubstituted isomers are formed
in significantly lower yields.

Fig. 3. Electronic absorption spectra of the PYTBC complexes 4-6 in

CHCI,

Fig. 4. Relative MO energies of the C, symmetry o~ (2, o-Pc) and B-tetrasubstituted Pes (1,
B-Pc) and the analogous positional isomers (Fig. 2) for a- (5, o-TBC) and b-tetrasubstituted
(4, B-TBC) TBCs in TD-DFT calculations (Table 1) with the CAM-B3LYP functional with
the energy of the LUMO set to zero in each case. The a, s, -a and -s of Michl’s perimeter
model are highlighted in bold black. The diamonds represent the HOMO-LUMO energy
difference and the gray dashed lines highlight the HOMO-LUMO gap

extent than the a MO relative to the electronic structures
of 1 and 2 (Fig. 5) and this leads to an increase in the
HOMO-LUMO gap and hence in a significant blue-shift
of the Q0,0) bands relative to those of the analogous
phthalocyanines [1, 40]. Michl [41] has demonstrated
that when ALUMO < AHOMO, as is the case with most
tetraazaporphyrinoids, a —ve/+ve sequence is anticipated
in B, term intensity in ascending energy terms in the MCD
spectra, while a +ve/—ve sequence is anticipated when
ALUMO > AHOMO. The —/+/—/+ sign sequence observed
for the Q and B-bands in the MCD spectra (Figs 6 and 7)
is consistent with what would be anticipated based on
the predicted AHOMO and ALUMO values (Fig. 1). The

Copyright © 2015 World Scientific Publishing Company

Photophysical properties

The absorption, excitation
and  fluorescence  emission
spectra of 4 and 5 in DMSO
are shown in Fig. 8. The main
fluorescence emission bands
are approximate mirror images
of the lower energy Q(0,0)
absorption and excitation bands,
so the geometries of the ground
and excited states are clearly
similar as would normally be
anticipated for a complex with
a heteroaromatic m-system. The
main fluorescence emission
peaks for 4 and 5 lie at 669 and
686 nm in DMSO (Table 2). The
Stokes shift values of 9 and 8
nm, lie within the usual range of
values that have been reported
previously for Pc derivatives
[45]. The fluorescence quantum
yield values (®;) of 4 and 5 in
DMSO were determined by the
comparative method [46, 47] and
were found to be similar to or
lower than that of the ZnPc standard (®p = 0.20) [48].
Mono-exponential luminescence decay curves with Ty
values of 2.34 and 2.91 ns were observed for 4 and 5
suggesting that only one fluorescing species is present
in solution in each case. Laser flash photolysis was used
to determine the triplet state quantum yields (®;) and
lifetimes (T;) of 4 and 5 (Table 2). The triplet decay curves
were found to obey second order kinetics due to the
effect of triplet—triplet recombination [49], and are hence
consistent with the data observed previously for MPc
complexes athigh concentrations (>1x 10*M).InDMSO,
4 and 5 have triplet state quantum yields (®; = 0.64
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Table 1. TD-DFT spectra of the B3LYP optimized geometries of 4 and 5 calculated with the CAM-B3LYP

functional and 6-31G(d) basis sets

Band®  #° Calcd.* 5 (o)
Exp* Wavefunction =°
— 1 — — — — — Ground state
Q 2 14.6 684.5 (0.28) 14.8 676 91% a — -s;5% s — -a; ...
Q 3 16.2 618.1 (0.34) 15.5 644  85% a — -a;12% s — -s; ...
— 4 23.7 421.1 (0.08) — — 67% a— 1+2;18% s — -a; ...
B 5 24.8 402.7  (0.56) 214 467 86% s — -s;9% a — -a; ...
B 6 25.5 392.5 (0.72) 222 450  64% s — -a;20% s — L+2; 5% a — -s;
Band # Calcd. 4P
Exp Wavefunction =
— 1 — — — — — Ground state
Q 2 15.1 664 (0.20) 15.2 660  90% a — -s; 7% s — -a; ...
Q 3 16.6 401 (0.30) 15.8 633 88% a—-a;8% s — -s; ...
— 4 24.3 412 (0.09) — — 66% a — 1L42;23% s — -a; ...
B 5 253 395 (0.99) 222 451 86% s — -s;9% a — -a; ...
B 6 26.4 378 (0.79) 22.7 440  64% s — -a;20% s —> L+2; 5% a — -s; ...

*Band assignment described in the text. "The number of the state assigned in terms of ascending energy within
the TD-DFT calculation. °Calculated band energies (10°.cm™), wavelengths (nm) and oscillator strengths in
parentheses (f). Observed energies (10*.cm™) and wavelengths (nm) in Figs 6 and 7. ¢The wave functions based
on the eigenvectors predicted by TD-DFT. One-electron transitions associated with the four frontier ©-MOs of
Gouterman’s 4-orbital model [39] are highlighted in bold. H and L refer to the HOMO and LUMO, respectively.

Fig. 5. MO energies of the nine o-tetrasubstituted TBC isomers (Fig. 1). The a, s, -a, and -s MOs of Michl’s perimeter model MOs
are shown with thick black lines. The diamonds represent the HOMO-LUMO gap difference and the gray dashed lines represent

the HOMO-LUMO gap

and 0.89) that are comparable to or higher than that of
the ZnPc standard (® = 0.65) [50] (Table 2) and have
significantly longer triplet state lifetimes (T, = 882 and
1228 us for 4 and 5, respectively, and 350 s for ZnPc).

Copyright © 2015 World Scientific Publishing Company

The triplet state quantum yield represents the fraction of
absorbing molecules that undergo intersystem crossing
to the metastable triplet excited state. These results, and
the cell cytotoxicity studies that were reported recently
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Fig. 6. MCD (top) and electronic absorption spectra (bottom)
of the PB-tetrasubstituted TBC (4) in DMSO. The TD-DFT
oscillator strengths (Table 1) are plotted against a secondary
axis. The Q and B-band transitions which are described by
Gouterman’s 4-orbital model [39] are highlighted with black
diamonds

for 6 [13], further demonstrate the potential utility of
PYTBCs for PDT applications.

Photochemical properties

Singlet oxygen is generated when there is energy
transfer between the T, state of the photosensitizer and
molecular dioxygen. It has been reported that the Type 11
mechanism is more prevalent in photoinitiated oxidation;
thus the magnitude of the @, value, is often the main
criterion for selecting a photosensitizer. The value can
vary based on the triplet excited state energy, the ability of
solvents to quench the singlet oxygen, the triplet excited
state lifetime and the efficiency of the energy transfer
between the triplet excited state of the sensitizer and the
ground state of oxygen. Time resolved phosphorescence
decay curve of singlet oxygen was used to determine
singlet oxygen quantum yield of 4-6 in DMSO [49]:

Tp

I(t)=B [e"T -] (3)
Tr-Tp

Copyright © 2015 World Scientific Publishing Company

Fig. 7. MCD spectrum (top) and ground state electronic
absorption spectrum (bottom) of the o-tetrasubstituted TBC
(5) in DMSO. The TD-DFT oscillator strengths (Table 1) are
plotted on the secondary axis. The Q and B-band transitions
which are described by Gouterman’s 4-orbital model [39] are
highlighted with black diamonds

where, I(t) is the phosphorescence intensity of 'O, at time
t, Tp is the lifetime of 'O, phosphorescence decay, Ty is
the triplet state lifetime of the standard or sample and B
is a coefficient related to sensitizer concentration and 'O,
quantum yield. The singlet oxygen quantum yield, ®,, of
the complex was then determined using a comparative
method:

Std
_ mAStd B-4

A Al B . 4 ©)

o

where @59, is the singlet oxygen quantum yields for
the ZnPc standard (®%¢, = 0.67 in DMSO) [50], B
and BSY refer to coefficient involved in sensitizer
concentration and 'O, quantum yield for the sample
and standard, respectively; while A and A% refer to the
absorbances of the sample and standard, respectively
at the excitation wavelength. Although relatively high
®, values were obtained for 4-6 (Table 2), when the
photobleaching stabilities were determined in DMSO
by monitoring the decrease in the intensity of the
Q-band over time during irradiation with incident
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Fig. 8. Absorption, excitation and fluorescence emission spectra
of the a-tetrasubstituted TBC (5) in DMSO (conc ~2.8 X
10 M) (TOP), and the absorption, fluorescence excitation and
emission spectra of B-tetrasubstituted TBC (4) in DMSO (conc
~3 % 10° M) (BOTTOM)

light [49, 51, 52], the photodegradation quantum
yield (®@py) values ranged from 3.7 x 102 for 4 to
4.5 x 10 for 6. This demonstrates that the P*TBCs are
of low stability in the solvent used and hence may not
be suitable for singlet oxygen applications. Stable Pc
complexes typically have values in the 10 range, while
values in the 107 range have been reported for the most
unstable Pc complexes [53]. Bulky aryloxy substituents
are typically introduced to enhance the solubility of Pc
complexes and their analogs. Their electron donating
properties destabilize the frontier 7-MOs and hence may
be problematic from a photostability standpoint [54], so
different strategies may have to be adopted to enhance
the stability of TBC complexes for use in singlet oxygen
applications in future.

Fig. 9. Z-scan of the a-tetrasubstituted TBC (5) in (a) DMSO
and (b) poly(bisphenol A carbonate)

Nonlinear optical parameters

Only a limited amount of research has been carried
out on the nonlinear optical properties of TBCs [27].
It was suspected that the lack of a center of symmetry
and the presence of a permanent dipole moment would
make TBCs effective nonlinear optical materials. Z-scan
studies were conducted both in solution (DMSO) and
in polymer media (poly bisphenol A carbonate). The
energy used for solution studies was ~35 uJ and for
the films ~25 uJ. Figures 9 and 10 show the results of
both the solution and film studies. The profiles fit with
those of reverse saturable absorbers using equations that
were used previously for a series of main group metal
phthalocyanine complexes [55]. The reduction in light

Table 2. Photophysicochemical properties of 4-6 in DMSO

Agps, M Aems NM Aex» M (O Tp, 18 O, Ty, US D, Dy
4 660 669 660 0.20 2.34 0.64 882+ 7 0.66 3.7x 107
676 686 678 0.12 291 0.89 1228 £5 0.52 2.4x10°
6 664 673 665 0.19 2.28 0.81 8775 0.74 4.5x10*

Copyright © 2015 World Scientific Publishing Company
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Table 3. Nonlinear optical parameters of the o- and
[B-tetrasubstituted TBCs embedded in thin films. The limiting
intensity (I;,,,) is judged against the safety threshold of 0.945 J.cm™

Compound (films) v, esu Im[x® /o, esu I, J.om™

4 (o) 2.1x10% 29x 10" 0.16
5(B) 1.2x10% 1.9x 10" 0.58

transmission in the TBC solutions is not as great as that
seen in the films, as has been demonstrated previously
for phthalocyanines. This can be attributed to the denser
packing of molecules with reverse saturable absorption
properties in the path of the light and their immobility.
For a useful limiter, the transmission needs to drop to
50% or below, and ideally the transmission curve should
be perfectly symmetrical around the focal point (z = 0).
For the solutions (Figs 9a and 10a), this is almost
achieved due to the homogeneity of the sample, but the
curves are asymmetric for the films (Figs 9b and 10b)
due to the low homogeneity and uneven film surface
(Fig. 11). During the z-scan measurements, the film is
slightly deformed, so issues such as light defocusing
and stray light can be encountered. Multiple scans were
run at different film positions and an average curve was
utilized for the calculations to address this. The Im[x®]/o
values for the TBCs embedded in PBC lie in the order
of magnitude of 10"'-10"° (Table 3). Complexes with
promising OL properties typically exhibit values in the
10°-10” range. Although these values are comparable
to those of phthalocyanine films reported previously [55]
and hence suggest that a wider range of TBC complexes
merits further study in this regard, when the
limiting intensity values are examined, it
becomes clear that they lie below the safety
threshold of 0.95 J.cm? stipulated by the
International Commission on Non-Ionizing
Radiation Protection and are lower than those
reported for the PBC films of Pc complexes
[55]. It is noteworthy that a significantly higher
limiting intensity value was obtained for the
B-tetrasubstituted compound (Table 3).

Fig. 10. Z-scan of the B-tetrasubstituted TBC (4) in (a) DMSO
and (b) poly(bisphenol A carbonate)

CONCLUSION

As has been reported previously for the

B-octasubstituted PYTBC [13], the o~ and

B-tetrasubstituted complexes have relatively high

singlet oxygen quantum yields. Higher values

are obtained for the B-tetrasubstituted complex

than for the corresponding ot-substituted com-

plex, probably due to the greater conformational

Fig. 11. Scanning electron microsopy images of the PBC thin films. flexibility that is likely to be encountered when
(a) and (b) show clearly the edge of the thin film, whereas (c) and (d) show substituents are introduced at the o-positions.
the edge and part of the surface. In (C), it can be seen that the film is not Although the optical limiting properties of thin
of uniform thickness films containing 4 and 5 were not as promising
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as those that have been reported previously for comparable
phthalocyanine complexes [54], in depth studies of the OL
properties of a wider range of TBCs is merited given the
permanent dipole moment and relatively high triplet state
quantum yields of these complexes. The photodegradation
quantum yields for TBCs 4-6 demonstrate that the PYTBC
complexes readily degrade in solution, and would not be
suitable for use in products which are meant to stand up to
prolonged high intensity light conditions. Further studies
of novel TBC complexes will be required to identify
combinations of peripheral substituents and axially ligated
central ions, which enhance the solubility of the complexes
without having a negative impact on the photostability and
OL properties of the complex.
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ABSTRACT: A design strategy for (porphinato)zinc-based fluorophores that possess large near infrared
fluorescence quantum yields is described. These fluorophores are based on a (5,15-diethynylporphinato)
zinc(II) framework and feature symmetric donor or acceptor units appended at the meso-ethynyl positions
via benzo[c][1,2,5]thiadiazole moieties. These (5,15-bis(benzo[c][1",2’,5 ]thiadiazol-4’-ylethynyl)-10,20-
bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)zinc(Il) (4), (5,15-bis[4’-(N,N-dihexylamino)
benzo[c][1,2",5"]thiadiazol-7"-ylethynyl]-10,20-bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]
porphinato)zinc(Il) (5), (5,15-bis([7’-(4”-n-dodecyloxyphenylethynyl)benzo[c][1",2’,5 ]thiadiazol-4’-y1]
ethynyl)-10,20-bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)zinc(Il) (6), (5,15-bis([7’-
([7”-(4”"-n-dodecyloxyphenyl)benzo[c][17,2”,5”]thiadiazol-4"-yl]ethynyl)benzo[c][1’,2",5 ]thiadiazol-
4’-yllethynyl)-10,20-bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)zinc(Il) (7), 5,15-bis
([7’-(4”-N,N-dihexylaminophenylethynyl)benzo[c][17,2’,5]thiadiazol-4’-yl]ethynyl)-10,20-
bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)zinc(Il) (8), and (5,15-bis([7’-(4”-N,N-
dihexylaminophenylethenyl)benzo[c][1’,2’,5 ]thiadiazol-4"-y1]ethynyl)-10,20-bis[2’,6"-bis(3”,3”-
dimethyl-1”-butyloxy)phenyl]porphinato)zinc(IT) (9) chromophores possess red-shifted absorption
and emission bands that range between 650 and 750 nm that bear distinct similarities to those of the
chlorophylls and structurally related molecules. Interestingly, the measured radiative decay rate constants
for these emitters track with the integrated oscillator strengths of their respective x-polarized Q-band
absorptions, and thus define an unusual family of high quantum yield near infrared fluorophores in which
emission intensity is governed by a simple Strickler—Berg dependence.

KEYWORDS: diethynylporphyrin, benzo[c][1,2,5]thiadiazole, near infrared, fluorescence quantum
yield, Strickler—Berg.

INTRODUCTION

The design and synthesis of near infrared (NIR)
absorption materials that possess large absorptive

oscillator strengths and high fluorescence quantum
yields are important to molecular imaging [1-5] and
solar energy conversion technologies [6—10]. Likewise,
the efficient utilization of NIR sunlight is a key feature
of natural photosynthesis, which exploits NIR-absorbing
dyes such as chlorophylls and pheophytins [11]. Relative
to the tremendous attention that has been paid to the
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design and synthesis of low band gap chromophores
and materials [12-19], much less focus has been given
to the development of strategies that channel enhanced
oscillator strength into the low energy optical transitions
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of such compositions. For example, only a limited number
of conjugated organic structures possess both high
oscillator strength NIR (S,—S,) absorptions and corres-
ponding high (S,—S,) fluorescence quantum yields [20,
21]. In general, a higher S,—S, absorptive extinction
coefficient should correlate with a larger S,—S,
radiative rate constant, congruent with the Strickler—
Berg relationship [22]; most strongly absorbing organic
NIR dyes, however, are not impressive emitters, due in
many cases to large magnitude S, state non-radiative rate
constants that are readily rationalized within the context
of the energy gap law [23].

Porphyrins are tetrapyrrole m-conjugated systems,
and the lowest energy absorption bands of simple
tetraphenylporphyrin or octaethylporphyrin monomers
range typically over the 600 to 650 nm spectral regime
and feature modest absorptive extinction coefficients
(e<10*M".cm™). Modification of the porphyrin 1t-skeleton
can further reduce the HOMO-LUMO gap; the electronic
structures of such reduced band gap porphyrins can in
general be rationalized using Gouterman’s four orbital
model [24]. In a simple (porphinato)metal complex having
D,, symmetry, the LUMO is doubly degenerate, and the
HOMO and HOMO-1 are nearly degenerate in energy;
as a result, substantial configuration interaction mixes
the (a;,—e,) and (a,,—e,) transitions. Constructive and
destructive combinations of these one-electron transitions
give rise to an intense shorter-wavelength Soret band and
a weakly absorbing longer-wavelength Q-band. While
removal of frontier orbital (HOMO/HOMO-1, LUMO/
LUMO+1) degeneracy is expected to result in augmentation
of the Q-band absorptive extinction coefficient, relatively
few examples exist of low band gap porphyrin derivatives
that possess intense NIR Q-bands [25-29].

In contrast, the chlorophylls, natural porphyrin
derivatives, possess lowest energy Q-bands with significant
extinction coefficients (€: 0.5 ~ 1 x 10° M.em™) [30, 31];
some chlorophyll derivatives and related macrocycles
feature substantial fluorescence quantum yields that range
from ~0.05 to 0.3 [32, 33]. While significant strides have
been made in recent years regarding chlorophyll synthesis
[33-35], the more involved nature of their fabrication
limits many possible applications of these structures.
Chromophores within the phthalocyanine family also
exhibit intense low energy electronic absorption bands
(€:1~2x10°M'.cm™); while a few examples of these
chromophores are known that feature both substantial
NIR absorptivity and significant fluorescence quantum
yield (0.1 ~ 0.8) [36, 37], it is important to point out
that extensive modulation of phthalocyanine absorptive
properties and photophysics is limited by the modest
frontier orbital electron density localized at the periphery
of the macrocycle-fused benzene rings [38].

We have explored synthesis and electronic properties of
meso-ethynyl porphyrin derivatives [39—62] for nonlinear
optics [60, 63-81], optoelectronic devices [82-87], and
fluorescence-based optical imaging technologies [88-97].

Copyright © 2015 World Scientific Publishing Company

Ethyne groups fused to the porphyrin meso-positions
provide significant electronic interaction with the
macrocycle a,,-derived HOMO and remove the degeneracy
of the low-lying empty e, orbitals [39, 42, 45, 50, 55]. Here
we report the synthesis and optical properties of conjugated
5,15-diethynyl(porphinato)zinc(Il) complexes that feature
conjugated terminal groups having varying degrees of
proquinoidal character (Fig. 1) that drive intense Q-band
absorptions; the uncommon emissive properties of these
new fluorophores based on a (5,15-diethynylporphinato)
zinc(IT) framework are discussed within the context of the
Strickler—Berg relationship.

EXPERIMENTAL

Materials

All manipulations were carried out under nitrogen
previously passed through an O, scrubbing tower
(Schweitzerhall R3-11 catalyst) and a drying tower
(Linde 3-A molecular sieves) unless otherwise stated.
Air sensitive solids were handled in a Braun 150-M
glove box. Standard Schlenk techniques were employed
to manipulate air-sensitive solutions. Tetrahydrofuran
(THF) was distilled from K/4-benzoylbiphenyl under N,.
Triethylamine and MeOH were distilled from CaH, under
N,. The catalysts Pd(PPh,),, Pd(PPh;),Cl,, dichloro[1,1"-
bis(diphenylphosphino)ferrocene]palladium(Il) dichlo-
romethane adduct, P(z-Bu), (10 wt% solution in hexanes),
tris(dibenzylideneacetone)dipalladium(0) (Pd,dba,),
Cul and triphenylarsine (AsPh;) were purchased from
Strem Chemicals and used as received. 4-Bromobenzo|[c]
[1,2,5]thiadiazole, and 4,7-dibromobenzo[c][1,2,5]
thiadiazole were prepared by literature methods [98].
(5,15-Bis[trimethylsilylethynyl]-10,20-bis[3’,5"-bis(9”-
methoxy-17,4”,7”-trioxanonyl)phenyl]porphinato)
zinc(Il) (1), (5,15-dibromo-10,20-bis[2’,6"-bis(3”,3"-
dimethyl-1”-butyloxy)phenyl] porphinato)zinc(Il), (5,15-
diethynyl-10,20-bis[2’,6"-bis(3”,3”-dimethyl-1"-
butyloxy)phenyl]porphinato)zinc(Il), and (5,15-bis(4’-
(N,N-dimethylamino)phenylethynyl)-10,20-bis[2",6’-
bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)
zinc(IT) (2) were synthesized as described previously [50,
54, 66]. A number of key precursors were synthesized
as reported earlier [99]. All NMR solvents, and all other
chemicals, were used as received.

Chemical shifts for '"H NMR spectra are relative to
the tetramethylsilane (TMS) signal in deuterated solvent
(TMS, 6 = 0.00 ppm). All J values are reported in Hertz.
Flash and size exclusion column chromatography were
performed on the bench top, using respectively silica
gel (EM Science, 230400 mesh) and Bio-Rad Bio-
Beads SX-1 as media. CI mass spectra were acquired
at the Mass Spectrometry Center at the University
of Pennsylvania. MALDI-TOF mass spectroscopic
data were obtained with a Voyager-DE RP instrument

J. Porphyrins Phthalocyanines 2015; 19: 206-218



DESIGN OF DIETHYNYL PORPHYRIN DERIVATIVES WITH HIGH NEAR INFRARED FLUORESCENCE QUANTUM YIELDS

Fig. 1. Structures of the TMS-protected (5,15-diethynyl-10,20-bis[3",5"-bis(9”-methoxy-1",4”,7”-trioxanonyl)phenyl]porphinato)

zinc(II) reference monomer (1), and NIR fluorophores 2-9

(PerSeptive Biosystems); samples for these experiments
were prepared as micromolar solutions in either CH,Cl,
or THF, and dithranol (Sigma—Aldrich) was utilized as
the matrix.

Instrumentation

'H NMR spectra were recorded on either 250 MHz
AC-250, 300 MHz DMX-300, or 500 MHz AMX-
500 Briiker spectrometers. Electronic absorption
spectra were recorded on a Shimadzu PharmaSpec
UV1700 spectrophotometer. Fluorescence spectra were
obtained with a Spex Fluorolog-3 spectrophotometer
(Jobin Yvon Inc., Edison, NJ) that utilized a T-channel
configuration with red sensitive R2658 Hamamatsu
PMT and liquid nitrogen cooled InGaAs detectors. The
obtained fluorescence spectra were corrected using the
spectral output of a calibrated light source supplied by
the National Bureau of Standards. Fluorescence quantum
yields were measured on N,-purged solutions at room
temperature. Tetraphenylporphyrin in benzene (@, =
0.13) was used as a standard [100]. The fluorescence
quantum yields of each sample were calculated using the
following equation (Equation 1)

q)f(s) =F A -n
O]

2
P ey
f(r) ro s T

where @, is the fluorescence quantum yield, F' is the
area under the corrected fluorescence band (expressed

Copyright © 2015 World Scientific Publishing Company

in number of photons), A is the absorbance at the
excitation wavelength, and 7 is the refractive index of the
solvents used. Subscripts s and r refer to the sample and
reference, respectively. Time-correlated single-photon
counting (TCSPC) experiments to measure fluorescence
lifetimes were performed using an Edinburgh Analytical
Instruments FL/FS 900 spectrofluorimeter. The excit-
ation sources for TCSPC measurements were either a
nanosecond flash lamp operating under an atmosphere
of H, gas (0.50-0.55 bar, 0.7 nm fwhm, 40 kHz
repetition rate) or a blue (450 £ 15 nm) light-emitting
diode (Picoquant PLS 450/PDL 800-B) triggered at a
frequency of 100 kHz by a Berkeley Nucleonics 555
pulse generator. TCSPC data were analyzed by iterative
convolution of the fluorescence decay profile with the
instrument response function using software provided by
Edinburgh Instruments.

Synthesis

(5,15-Bis[4’-(4”-N,N-dihexylaminophenylethynyl)
phenylethynyl]-10,20-bis[2",6"-bis(3”,3”-dimethyl-
1”-butyloxy)phenyl]porphinato)zinc(Il) (3). 1-(4'-N,
N-dihexylaminophenylethynyl)-4-iodobenzene [99]
(55.5mg,1.14x10*mol),(5,15-diethynyl-10,20-bis[2’,6’-
bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)
zinc(I1) (50.4 mg, 5.17 x 10° mol), Pd(PPh,), (13.2 mg,
1.14x 10 mol), Cul (1.0 mg, 5.3 x 10 mol) and dry THF
(7.0 mL) were added to a 100-mL round-bottom flask. Ar
was bubbled into the reaction mixture for 5 min before

207
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piperidine (0.50 mL) was added. The reaction mixture was
stirred at 45 °C for 3.5 h under Ar. After the solvent was
evaporated, the residue was chromatographed on silica
gel with 8:1 hexanes:THF as the eluent. Yield 0.063 g
(72% based on 50.4 mg of (5,15-diethynyl-10,20-
bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]
porphinato)zinc(Il)). '"H NMR (300 MHz; CDCl,): 8,
ppm 9.67 (d, 4H, J=4.6 Hz, B-H), 8.86 (d, 4H, J=4.6 Hz,
B-H), 7.96 (d, 4H, J = 8.4 Hz, Ph-H), 7.72 (t, 2H, J =
8.4 Hz, Ph-H), 7.65 (d, 4H, J = 8.4 Hz, Ph-H), 7.43 (d,
4H, J = 8.8 Hz, Ph-H), 7.02 (d, 4H, J = 8.5 Hz, Ph-H),
6.61 (d, 2H, J = 9.0 Hz, Ph-H), 3.92 (t, 8H, J = 7.3 Hz,
—-O-CH,-C), 3.30 (t, 8H, J = 7.6 Hz, -N-CH,—C), 1.60
(m, 8H, -N-C-CH,-C), 1.2-1.4 (m, 24H, -CH,—), 0.92
(t, 8H, J = 6.8 Hz, O-C-CH,-), 0.89 (t, 12H, /= 7.3 Hz,
—CH,), 0.27 (s, 36H, -C—CH;). MS (MALDI-TOF): m/z
1690.92 (caled. for [M]* 1690.976).

4-(Trimethylsilylethynyl)benzo[c][1,2,5]thia-
diazole. 4-Bromobenzo[c][1,2,5]thiadiazole (0.378 g,
1.76 x 10~ mol), Pd(PPh,), (0.125 g, 1.08 x 10* mol), Cul
(14 mg, 7.4 x 10° mol) and dry THF (20 mL) were added
to a 100-mL round-bottom flask. Ar was bubbled into
the reaction mixture for 5 min before diisopropylamine
(1.0 mL) and (trimethylsilyl)acetylene (1.00 mL, 7.1 X
107 mol) were added. The reaction mixture was stirred
at 45°C for 11 h under Ar. After cooling, the solvent was
evaporated. The residue was chromatographed on silica
gel column with 1:1 hexanes:CHCI, as the eluent. Yield
0.406 g (99% based on 0.378 g of 4-bromobenzo|c]
[1,2,5]thiadiazole). '"H NMR (300 MHz; CDCIl,): 8, ppm
7.99 (dd, 1H, J = 1.0, 8.8 Hz, Ph-H), 7.77 (dd, 1H, J =
1.0, 7.0 Hz, Ph-H), 7.55 (dd, 1H, J = 7.0, 8.8 Hz, Ph-H),
0.34 (s, 9H, —Si—CH;). MS (CI): m/z 232.048 (calcd. for
[M]* 232.049).

4-Ethynylbenzo[c][1,2,5]thiadiazole. 4-(Trimethyl-
silylethynyl)benzo[c][1,2,5]thiadiazole (0.100 g, 4.30 X
10* mol), K,CO, (78.6 mg, 5.7 x 10 mol), THF (3.0 mL),
and MeOH (2.0 mL) were added to a 100-mL round-
bottom flask. The reaction mixture was stirred at room
temperature for 1.5 h under Ar. The reaction mixture was
filtered and the solvent was evaporated. Yield quanti-
tative. '"H NMR (300 MHz; CDCl,): 3, ppm 8.04 (d, 1H,
J =8.8 Hz, Ph-H), 7.81 (d, 1H, J = 6.9 Hz, Ph-H), 7.58
(t, 1H, J = 8.0 Hz, Ph-H), 3.59 (s, 1H, ethynyl-H). MS
(CI): m/z 160.009 (calcd. for [M]* 160.010).

(5,15-Bis(benzo[c][1,2,5]thiadiazol-4-ylethynyl)-
10,20-bis[2’,6’-bis(3”,3”-dimethyl-1"-butyloxy)
phenyl]-porphinato)zinc(II) (4). 4-Ethynylbenzo[c]
[1,2,5]thiadiazole (40.0 mg, 2.50 x 10* mol), (5,15-
dibromo-10,20-bis[2",6"-bis(3”,3”-dimethyl-1"-
butyloxy)phenyl]porphinato)zinc(Il) (71.0 mg, 2.50 X
10* mol), Pd(PPh;), (22.6 mg, 2.0 x 10° mol), Cul
(2.0mg, 1.1 x 10 mol) and dry THF (10 mL) were added
to a 100-mL round-bottom flask. Ar was bubbled into the
reaction mixture for 5 min before piperidine (0.50 mL) was
added. The reaction mixture was stirred at 48 °C for 24 h
under Ar. After cooling, the solvent was evaporated. The

Copyright © 2015 World Scientific Publishing Company

residue was chromatographed on silica gel column with
5:1 hexanes:THF as the eluent. The product was further
purified by size exclusion column chromatography (Bio
Rad Bio-Beads SX-1 packed in THF, gravity flow). Yield
40.7 mg (50% based on 71.0 mg of (5,15-dibromo-10,20-
bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphi-
nato)zinc(I)). '"H NMR (300 MHz; CDCl;): 8, ppm
9.91 (d, 4H, J = 4.5 Hz, B-H), 8.87 (d, 4H, J = 4.5 Hz,
B-H), 8.18 (d, 2H, J = 7.0 Hz, Ph-H), 8.07 (d, 2H, J =
8.8 Hz, Ph-H), 7.76 (dd, 2H, J = 7.0, 8.8 Hz, Ph-H),
7.72 (t, 2H, J = 8.4 Hz, Ph-H), 7.03 (d, 4H, J = 8.4 Hz,
Ph-H), 3.92 (t, 8H, J = 7.6 Hz, -O-CH,—C), 0.83 (t, 8H,
J=17.5 Hz, -O-C-CH,—-C), 0.37 (s, 36H, -C—CHj;). MS
(MALDI-TOF): m/z 1240.7 (calcd. for [M]* 1240.441).
(5,15-Bis[4’-(N,N-dihexylamino)benzo[c][1°,2",5"]
thiadiazole-7’-ylethynyl]-10,20-bis[2",6"-bis(3”,3"-
dimethyl-1”-butyloxy)phenyl]porphinato)zinc(Il) (5).
4-Bromo-7-(N,N-dihexylamino)benzo[c][1,2,5]thiadia-
zole [99] (53.8 mg, 1.35 x 10* mol), (5,15-diethynyl-
10,20-bis[2’,6"-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]
porphinato)zinc(Il) (41.0 mg, 4.2 X 107 mol), Pd(PPh,),
(12.8 mg, 1.1 x 10° mol), Cul (1.1 mg, 5.8 X 10 mol) and
dry THF (5.0 mL) were added to a 100-mL round-bottom
flask. Ar was bubbled into the reaction mixture for 5 min
before piperidine (0.20 mL) was added. The reaction
mixture was stirred at 45 °C for 24 h under Ar. After the
solvent was evaporated, the residue was chromatographed
on silica gel with 8:1 hexanes: THF as the eluent. Yield
22.0 mg (33% based on 41.0 mg of (5,15-diethynyl-
10,20-bis[2’,6’-bis(3”,3”-dimethyl-1”-butyloxy)
phenyl]porphinato)zinc(Il)). 'H NMR (300 MHz;
CDCly): 3, ppm 9.94 (d, 4H, J = 4.6 Hz, B-H), 8.86 (d,
4H, J=4.6 Hz, 3-H), 8.07 (d, 2H, J= 8.2 Hz, Ph-H), 7.70
(t,2H, J= 8.4 Hz, Ph-H), 7.00 (d, 4H, J = 8.5 Hz, Ph-H),
6.59 (d, 2H, J = 8.3 Hz, Ph-H), 3.91 (t, 8H, J = 7.2 Hz,
—-0O-CH,-C), 3.86 (t, 8H, J = 8.3 Hz, -N-CH,-C), 1.79
(m, 8H, -N-C-CH,—C), 1.1-1.5 (m, 24H, -CH,-), 0.94
(t, 8H, J=7.0 Hz, O-C-CH,-), 0.88 (t, 12H, J=7.2 Hz,
—CHs;), 0.26 (s, 36H, -C—CH,). MS (MALDI-TOF): m/z
1607.08 (calcd. for [M]* 1606.838).
4-Bromo-7-(4"-n-dodecyloxyphenylethynyl)
benzo|[c][1,2,5]thiadiazole. 4-n-Dodecyloxyethynylben-
zene [99] (0.620 g, 2.16 x 107 mol), 4,7-dibromobenzo[c]
[1,2,5]thiadiazole (1.91 g, 6.50 x 107 mol), Pd(PPh,),Cl,
(0.162 g, 2.31 x 10 mol), Cul (21 mg, 1.1 x 10* mol),
and dry toluene (10 mL) were added to a 100-mL
round-bottom flask. Ar was bubbled into the reaction
mixture for 5 min before triethylamine (10 mL) was
added. The reaction mixture was stirred at 45°C for 3 h
under Ar. After the solvent was evaporated, the reaction
mixture was chromatographed on silica gel with 2:1
hexanes:CH,CL,. Yield 0.496 g (46% based on 0.620 g
of 4-n-dodecyloxyethynylbenzene). '"H NMR (300 MHz;
CDCl,): 6, ppm 7.83 (d, 1H, J = 7.6 Hz, Ph-H), 7.63 (d,
1H, J = 7.6 Hz, Ph-H), 7.59 (d, 2H, J = 8.9 Hz, Ph-H),
6.91 (d, 2H, J = 8.9 Hz, Ph-H), 3.99 (t, 2H, J = 6.6 Hz,
—OCH,-), 1.80 (quint, 2H, -OC-CH,-), 1.45 (m, 2H,
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—CH,-), 1.2-1.4 (m, 16H, —-CH,-), 0.88 (t, 3H, /= 6.7 Hz,
—CHj;). MS (CI): m/z 498.133 (calcd. for [M]* 498.134).
(5,15-Bis([7’-(4”-n-dodecyloxyphenylethynyl)
benzo[c][1’,2’,5 ]thiadiazol-4’-yl]ethynyl)-10,20-
bis[2’,6”-bis(3”,3”-dimethyl-1”-butyloxy)phenyl]
porphinato)zinc(II) (6). 4-Bromo-7-(4’-n-dodecyloxy-
phenylethynyl)benzo[c][1,2,5]thiadiazole  (40.9 mg,
8.19 x 107 mol), (5,15-diethynyl-10,20-bis[2’,6"-bis-
(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)zinc(II)
(35.7 mg, 3.66 x 10”° mol), Pd(PPh,), (10.1 mg, 8.7 x
106 mol), Cul (1.3 mg, 6.8 x 10° mol), and dry THF
(6.0 mL) were added to a 100-mL round-bottom flask.
Ar was bubbled into the reaction mixture for 10 min
before piperidine (0.50 mL) was added. The reaction
mixture was stirred at 44 °C for 17.5 h under Ar. After
cooling, the solvent was evaporated. The residue was
chromatographed on silica gel with 5:1 hexanes:THF
as the eluent. The product was further purified by size
exclusion column chromatography (BioRad Bio-Beads
SX-1 packed in THF, gravity flow). Yield 45.5 mg (69%
based on 35.7 mg of 5,15-diethynyl-10,20-bis[2",6'-
bis(3”,3”-dimethyl-1”-butyloxy)phenyl]porphinato)
zinc(Il)). '"H NMR (300 MHz; 1 drop pyridine-ds in
CDCl,): o, ppm 9.90 (d, 4H, J = 4.6 Hz, 3-H), 8.86 (d,
4H, J = 4.6 Hz, B-H), 8.15 (d, 2H, J = 7.4 Hz, Ph-H),
7.92 (d, 2H, J = 7.4 Hz, Ph-H), 7.72 (t, 2H, J = 8.4 Hz,
Ph-H), 7.65 (d, 4H, J = 8.8 Hz, Ph-H), 7.03 (d, 4H, J =
8.5 Hz, Ph-H), 6.94 (d, 4H, J = 8.9 Hz, Ph-H), 4.01 (t,
4H, J=6.6 Hz,-O-CH,-C), 3.93 (t, 8H, /=7.5 Hz, -O-
CH,-C), 1.82 (quint, 4H, J = 6.8 Hz, -O-CH,-C), 1.48
(m, 4H, —-CH,-), 1.15-1.40 (m, 32H, -CH,-), 0.89 (t, 6H,
J=6.7 Hz, -CH,), 0.83 (t, 8H, J = 7.5 Hz, -OC-CH,-),
0.37 (s, 36H, —-C-CH;). MS (MALDI-TOF): m/z 1809.0
(calcd. for [M]* 1808.869).
4-n-Dodecyloxyphenyl-4’,4",5",5’-tetramethyl-
1’,3’,2’-dioxaborolane. 4-n-Dodecyloxyiodobenzene
[99] (1.00 g, 2.58 x 10 mol), dichloro[1,1’-bis(diphenyl-
phosphino)ferrocene]palladium(Il)-dichloromethane
adduct (0.106 g, 1.30 x 10 mol) were added to 1,2-
dichloroethane (5.0 mL) and Et;N (1.0 mL, 7.2 x 10~ mol).
4,4.5,5-Tetramethyl-1,3,2-dioxaborolane (0.56 mL, 3.9 x
10 mol) was added, and the reaction mixture was stirred
at 75 °C for 1.5 h under Ar. After cooling, the solvent was
evaporated. The residue was chromatographed on silica
gel with 2:1 hexanes:CHCI; as the eluent. Yield 0.674 g
(67% based on 1.00 g of 4-n-dodecyloxyiodobenzene).
'"H NMR (250 MHz; CDCl,): 8, ppm 7.73 (d, 2H, J =
8.7 Hz, Ph-H), 6.88 (d, 2H, J = 8.7 Hz, Ph-H), 3.97 (t,
2H, J = 6.6 Hz, -OCH,-), 1.78 (quint, 2H, J = 6.6 Hz,
—-OC-CH,~), 1.45 (m, 2H, -CH,-), 1.33 (s, 12H, -CH,),
1.26 (m, 16H, -CH,-), 0.88 (t, 3H, J = 6.5 Hz, -CH,).
MS (CI): m/z 388.317 (calcd. for [M]* 388.315).
4-Bromo-7-(4’-n-dodecyloxyphenyl)benzo[c][1,2,5]
thiadiazole. 4-n-Dodecyloxyphenyl-4',4",5",5’-tetra-
methyl-1’,3",2’-dioxaborolane (0.313 g, 8.06 x 10* mol),
4,7-dibromobenzo(c][1,2,5]thiadiazole (0.474 g, 1.61 x
10? mol), Pd(PPh;), (97 mg, 8.4 x 10° mol), K,CO,
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(0.347 g, 2.51 x 10® mol), DMF (25 mL), and H,0
(3.0 mL) were added to a 100-mL round-bottom flask.
Ar was bubbled into the reaction mixture for 5 min at
room temperature. The reaction mixture was warmed
up to 86 °C and stirred for 7.5 h under Ar. After cooling,
200 mL of dilute ag. HCI was added to the reaction
mixture, and the product was extracted with CHCl; and
dried over Na,SO,. The solvent was evaporated, and
the residue was chromatographed on silica gel with 1:1
hexanes:CHCI,. The product was further purified by size
exclusion column chromatography (BioRad Bio-Beads
SX-1 packed in THF, gravity flow). Yield 0.295 g (77%
based on 0.313 g of 4-n-dodecyloxyphenyl-4’,4",5",5"-
tetramethyl-1’,3",2’-dioxaborolane). '"H NMR (300 MHz;
CDCl,): 8, ppm 7.90 (d, 1H, J=7.6 Hz, -CH,~), 7.85 (d,
2H, J = 8.8 Hz, Ph-H), 7.53 (d, 1H, J = 7.6 Hz, Ph-H),
7.05 (d, 2H, J = 8.8 Hz, Ph-H), 4.04 (t, 2H, J = 6.5 Hz,
—OCH,-), 1.83 (quint, 2H, J = 6.5 Hz, -OC-CH,-), 1.49
(m, 2H, -CH,-), 1.2-1.4 (m, 16H, —CH,-), 0.88 (t, 3H,
J = 6.6 Hz, -CH;). MS (CI): m/z 474.133 (calcd. for
[M]*474.134).
4-(4’-n-Dodecyloxyphenyl)-7-(trimethylsilyl-
ethynyl)benzo[c][1,2,5]thiadiazole. 4-Bromo-7-(4"-n-
dodecyloxyphenyl)benzo[c][1,2,5]thiadiazole (0.2364 g,
4.97 x 10* mol), Pd(PPh;), (55.4 mg, 4.79 x 10 mol),
Cul (3.4 mg, 1.8 x 10 mol), and dry THF (10 mL)
were added to a 100-mL round-bottom flask. Ar was
bubbled into the reaction mixture for 5 min before
(trimethylsilyl)acetylene (0.25 mL, 1.8 X 10~ mol) and
diisopropylamine (1.0 mL) were added. The reaction
mixture was stirred at 50°C for 17.5 h under Ar. After
cooling, the solvent was evaporated. The residue was
chromatographed on silica gel with 8:1 hexanes:THF.
Yield 0.240 g (98% based on 0.2364 g of 4-bromo-7-
(4’-n-dodecyloxyphenyl)benzo[c][1,2,5]thiadiazole).
'H NMR (300 MHz; CDCl,): 8, ppm 7.90 (d, 2H, J =
8.9 Hz, Ph-H), 7.82 (d, 1H, J = 7.4 Hz, Ph-H), 7.61
(d, 1H, J = 7.4 Hz, Ph-H), 7.05 (d, 2H, J = 8.9 Hz,
Ph-H), 4.04 (t, 2H, /= 6.5 Hz,-OCH,-), 1.82 (quint, 2H,
J =6.9 Hz, -OC-CH,-), 1.49 (m, 2H, -CH,-), 1.2-1.4
(m, 16H, —CH,-), 0.88 (t, 3H, J = 6.7 Hz, -CHj;), 0.34
(s, 9H, —Si—CH;). MS (CI): m/z 493.272 (calcd. for [M +
H]* 493.271).
4-(4’-n-Dodecyloxyphenyl)-7-ethynylbenzo[c][1,2,5]
thiadiazole.4-(4’-n-Dodecyloxyphenyl)-7-(trimethylsilyl-
ethynyl)benzo[c][1,2,5]thiadiazole (0.223 g, 4.53 X
10* mol) was dissolved in a mixture of THF (7.0 mL)
and MeOH (3.0 mL). K,CO; (85 mg, 6.2 x 10* mol) was
added, and the reaction mixture was stirred for 2 h under
Ar. The reaction mixture was filtered and the filtrate
evaporated. Yield